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PREFACE

The motivation to develop a general purpose computer program to compute pressure and
flow distribution in a complex fluid network came from the need to calculate the axial load on the
bearings in a turbopump. During the early years of space shuttle main engine development, several
specific purpose codes were developed to model the turbopumps. However, it was difficult to use
those codes for a new design without making extensive changes in the original code. Such efforts
often turn out to be time consuming and inefficient. To satisfy the need to model these turbopumps
in an efficient and timely manner, development of the Generalized Fluid System Simulation Pro-
gram (GFSSP) was started at Marshall Space Flight Center (MSFC) in March 1994. The objective
was to develop a general fluid flow system solver capable of handling phase change, compressibil-
ity, and mixture thermodynamics. Emphasis was given to construct a user-friendly program using
a modular structured code. The intent of this effort was that an engineer with an undergraduate
background in fluid mechanics and thermodynamics should be able to rapidly develop a reliable
model. The interest in modular code development was intended to facilitate future modifications
to the program.

The code development was carried out in several phases. At the end of each phase a workshop
was held where the latest version of the code was released to MSFC engineers for testing, verification,
and feedback. The steady state version of GFSSP (version 1.4) was first released in October 1996.
This version is also commercially available through the Open Channel Foundation. The unsteady
version was released in October 1997 (version 2.0). A graphical user interface (GUI) for GFSSP was
developed and was part of version 3.0 which was released in November 1999. GFSSP (version 3.0)
won the NASA Software of the Year award in 2001. Fluid transient (water hammer) capability was
added in version 4.0 that was released in March 2003. Conjugate heat transfer capability was added
in version 5.0 which was released in February 2007. The main highlights of the present version (ver-
sion 6.0) are: (1) extension of mixture option to handle phase change, (2) multiple pressure and flow
regulators in a flow circuit, (3) fixed flow rate and the International System of Units option, (4) two-
dimensional flow modeling within a flow network system, and (5) extension of user-specified fluid
property table to handle phase change.

This Technical Publication provides a detailed discussion of the data structure, mathematical
formulation, computer program, GUI, and includes a number of example problems. Section 1 pro-
vides an introduction and overview of the code. Data structure of the code is described in section 2.
The mathematical formulation that includes the description of governing equations and the solution
procedure for solving the equations is described in section 3. The program structure is discussed in
section 4. Section 5 describes GFSSP’s GUI, which is called visual thermofluid dynamic analyzer for
systems and components (VTASC). Several example problems are described in section 6. The new
user may skip sections 2 through 4 initially, but will benefit from these sections after gaining some
experience with the code.
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EXECUTIVE SUMMARY

The Generalized Fluid System Simulation Program (GFSSP) is a general purpose computer
program for analyzing steady state and time-dependent flow rates, pressures, temperatures, and
concentrations in a complex flow network. The program is capable of modeling real fluids with
phase changes, compressibility, mixture thermodynamics, conjugate heat transfer between solid
and fluid, fluid transients, pumps, compressors, and external body forces such as gravity and cen-
trifugal. The thermofluid system to be analyzed is discretized into nodes, branches, and conduc-
tors. The scalar properties such as pressure, temperature, and concentrations are calculated at nodes.
Mass flow rates and heat transfer rates are computed in branches and conductors. The graphical user
interface allows users to build their models using the ‘point, drag, and click’ method; the users can
also run their models and post-process the results in the same environment.

Two thermodynamic property programs (GASP/WASP and GASPAK) provide required
thermodynamic and thermophysical properties for 36 fluids: helium, methane, neon, nitrogen,
carbon monoxide, oxygen, argon, carbon dioxide, fluorine, hydrogen, parahydrogen, water, kerosene
(RP-1), isobutene, butane, deuterium, ethane, ethylene, hydrogen sulfide, krypton, propane, xenon,
R-11, R-12, R-22, R-32, R-123, R-124, R-125, R-134A, R-152A, nitrogen trifluoride, ammonia,
hydrogen peroxide, and air. The program also provides the options of using any incompressible fluid
with constant density and viscosity or ideal gas. The users can also supply property tables for fluids
that are not in the library.

Twenty-four different resistance/source options are provided for modeling momentum sources
or sinks in the branches. These options include pipe flow, flow through a restriction, noncircular duct,
pipe flow with entrance and/or exit losses, thin sharp orifice, thick orifice, square edge reduction,
square edge expansion, rotating annular duct, rotating radial duct, labyrinth seal, parallel plates,
common fittings and valves, pump characteristics, pump power, valve with a given loss coefficient,
Joule-Thompson device, control valve, heat exchanger core, parallel tube, and compressible orifice.
The program has the provision of including additional resistance options through User Subroutines.

GFSSP employs a finite volume formulation of mass, momentum, and energy conserva-
tion equations in conjunction with the thermodynamic equations of state for real fluids as well as
energy conservation equations for the solid. The system of equations describing the fluid network
1s solved by a hybrid numerical method that is a combination of the Newton-Raphson and successive
substitution methods. The application and verification of the code has been demonstrated through
30 example problems.
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TECHNICAL PUBLICATION

GENERALIZED FLUID SYSTEM SIMULATION PROGRAM, VERSION 6.0

1. INTRODUCTION

The need for a generalized computer program for thermofluid analysis in a flow network has
been felt for a long time in aerospace industries. Designers of thermofluid systems often need to
know pressures, temperatures, flow rates, concentrations, and heat transfer rates at different parts of
a flow circuit for steady state or transient conditions. Such applications occur in propulsion systems
for tank pressurization, internal flow analysis of rocket engine turbopumps, chilldown of cryogenic
tanks and transfer lines, and many other applications of gas-liquid systems involving fluid transients
and conjugate heat and mass transfer. Computer resource requirements to perform time-dependent,
three-dimensional Navier-Stokes computational fluid dynamics (CFD) analysis of such systems are
prohibitive and therefore are not practical. A possible recourse is to construct a fluid network con-
sisting of a group of flow branches such as pipes and ducts that are joined together at a number of
nodes. They can range from simple systems consisting of a few nodes and branches to very complex
networks containing many flow branches simulating valves, orifices, bends, pumps, and turbines.
In the analysis of existing or proposed networks, node pressures, temperatures, and concentrations
at the system boundaries are usually known. The problem is to determine all internal nodal pres-
sures, temperatures, concentrations, and branch flow rates. Such schemes are known as network flow
analysis methods and they use largely empirical information to model fluid friction and heat transfer.
For example, an accurate prediction of axial thrust in a liquid rocket engine turbopump requires
the modeling of fluid flow in a very complex network. Such a network involves the flow of cryo-
genic fluid through extremely narrow passages, flow between rotating and stationary surfaces, phase
changes, mixing of fluids, and heat transfer. Propellant feed system designers are often required to
analyze pressurization or blowdown processes in flow circuits consisting of many series and paral-
lel flow branches containing various pipe fittings and valves using cryogenic fluids. The designers of
a fluid system are also required to know the maximum pressure in the pipe line after a sudden valve
closure or opening.

Available commercial codes are generally suitable for steady state, single-phase incompress-
ible flow. Because of the proprietary nature of such codes, it is not possible to extend their capability
to satisfy the above-mentioned needs. In the past, specific purpose codes were developed to model
the space shuttle main engine turbopump. However, it was difficult to use those codes for a new
design without making extensive changes in the original code. Such efforts often turn out to be time
consuming and inefficient. Therefore, the Generalized Fluid System Simulation Program (GFSSP)!
has been developed at NASA Marshall Space Flight Center (MSFC) as a general fluid flow system
solver capable of handling phase changes, compressibility, mixture thermodynamics, and transient
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operations. It also includes the capability to model external body forces such as gravity and centrifu-
gal effects in a complex flow network. The objective of the present effort is to (a) develop a robust
and efficient numerical algorithm to solve a system of equations describing a flow network contain-
ing phase changes, mixing, and rotation, and (b) to implement the algorithm in a structured, easy-
to-use computer program.

This program requires that the flow network be resolved into nodes and branches. The pro-
gram’s preprocessor allows the user to interactively develop a fluid network simulation consisting of
fluid nodes and branches, solid nodes, and conductors. In each branch, the momentum equation is
solved to obtain the flow rate in that branch. At each fluid node, the conservation of mass, energy,
and species equations are solved to obtain the pressures, temperatures, and species concentrations at
that node. At each solid node, the energy conservation equation is solved to calculate temperature of
the solid.

This Technical Publication (TP) documents the data structure, mathematical formulation,
computer program, and graphical user interface (GUI). Use of the code is illustrated by 30 example
problems. It also documents the verification and validation effort conducted by code developers and
users. This section also presents an overview of the subsequent sections to provide users with a global
perspective of the code.

1.1 Network Flow Analysis Methods

The oldest method for systematically solving a problem consisting of steady flow in a pipe
network is the Hardy Cross method.2 Not only is this method suited for hand calculations, but it has
also been widely employed for use in computer-generated solutions. But as computers allowed much
larger networks to be analyzed, it became apparent that the convergence of the Hardy Cross method
might be very slow or even fail to provide a solution in some cases. The main reason for this numeri-
cal difficulty is that the Hardy Cross method does not solve the system of equations simultaneously.
It considers a portion of the flow network to determine the continuity and momentum errors. The
head loss and the flow rates are corrected and then it proceeds to an adjacent portion of the cir-
cuit. This process is continued until the whole circuit is completed. This sequence of operations is
repeated until the continuity and momentum errors are minimized. It is evident that the Hardy Cross
method belongs in the category of successive substitution methods and it is likely that it may encoun-
ter convergence difficulties for large circuits. In later years, the Newton-Raphson method has been
utilized3 to solve large networks. The Newton-Raphson method solves all the governing equations
simultaneously and is numerically more stable and reliable than successive substitution methods.

The network analysis method# has been widely used in thermal analysis codes (SINDA/G?
and SINDA/FLUINT?®) using an electric analog. The partial differential equation of heat conduc-
tion is discretized into finite difference form expressing temperature of a node in terms of tempera-
tures of neighboring nodes and ambient nodes. The set of finite difference equations is solved to
calculate temperature of the solid nodes and heat fluxes between the nodes. There have been some
limited applications of thermal network analysis methods to model fluid flows. Such attempts did
not go far because of the inability of heat conduction equations to handle the nonlinear fluid iner-
tia term. There has been limited success in modeling compressible and two-phase flows by such
methods.

2
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At MSFC, another system analysis code, ROCETS is routinely used for simulating flow in
rocket engines. ROCETS has a very flexible architecture where users develop the system model by
integrating component modules such as pumps, turbines, and valves. The user can also build any
model of specific components to integrate into the system model. ROCETS solves the system of
equations by a modified Newton-Raphson method.8

The finite volume method (FVM) has been widely used in solving Navier-Stokes equations in
CFD.? The FVM divides the flow domain into a discrete number of control volumes and determines
the conservation equations for mass, momentum, energy, and species for each control volume. Simul-
taneous solutions of these conservation equations provide the pressure, velocity components, tem-
perature, and concentrations representative of the discrete control volumes. The numerical method
is called ‘pressure based’ if the pressures are calculated from the mass conservation equation and
density from the equation of state. On the other hand, a ‘density based’ numerical method uses the
mass conservation equation to calculate density of the fluid and pressure from the equation of state.
GFSSP uses a pressure-based FVM as the foundation of its numerical scheme.

1.1.1 Network Definitions

GFSSP constructs a fluid network using fluid and solid nodes. The fluid circuit is constructed
with boundary nodes, internal nodes, and branches (fig. 1) while the solid circuit is constructed with
solid nodes, ambient nodes, and conductors. The solid and fluid nodes are connected with solid-fluid
conductors. Users must specify conditions such as pressure, temperature, and concentration of spe-
cies at the boundary nodes. These variables are calculated at the internal nodes by solving conser-
vation equations of mass, energy, and species in conjunction with the thermodynamic equation of
state. Each internal node is a control volume where there is inflow and outflow of mass, energy, and
species at the boundaries of the control volume. The internal node also has resident mass, energy,
and concentration. The momentum conservation equation is expressed in flow rates and is solved
in branches. At the solid node, the energy conservation equation for solid is solved to compute tem-
perature of the solid node. Figure 1 shows a schematic and GFSSP flow circuit of a counter flow heat
exchanger. Hot nitrogen gas is flowing through a pipe, colder nitrogen is flowing counter to the hot
stream in the annulus pipe, and heat transfer occurs through metal tubes. The problem considered is
to calculate flow rates and temperature distributions in both streams.

1.2 Units and Sign Conventions

GFSSP uses British gravitational units (commonly known as engineering units). Table 1
describes the units of variables used in the code. The units in the second column are the units that
appear in the input and output data files. Users must specify the values in these units in their model.
The units that are listed in the third column are internal to the code and used during the solution
of the equations. These units must be used in user-provided subroutines. The user has the option of
entering the International System of Units (SI) into the preprocessor; these will be converted to engi-
neering units when written to the input file (see sec. 5.1.3). GFSSP uses standard sign conventions
for mass and heat transfer. Mass and heat input to a node is considered positive. Similarly mass and
heat output from a node is considered negative.
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Figure 1. A typical flow network consists of fluid node, solid node, flow branches,
and conductors.

Table 1. Units of variables in input/output
and solver module.

Variables Input/Output Solver Module
Length inches feet
Area inches? feet?
Pressure psia psf
Temperature °F °R
Mass injection lbm/s lbm/s
Heat source Btu/s or Btu/lom | Btu/s or Btu/lbm
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1.3 Data Structure

GFSSP has a unique data structure (fig. 2) that allows constructing all possible arrangements
of a flow network with no limit on the number of elements. The elements of a flow network are
boundary nodes, internal nodes, and branches. For conjugate heat transfer problems, there are three
additional elements: solid node, ambient node, and conductor. The relationship between a fluid node
and a branch as well as a solid node and conductor is defined by a set of relational geometric proper-
ties. For example, the relational geometric properties of a node are number and name of branches
connected to it. With the help of these properties, it is possible to define any structure of the network
as it progresses through every junction of the network. The positive or negative flow direction is also
defined locally. Unlike a structured coordinate system, there is no global definition of flow direction
and origin. The development of a flow network can start from any point and can proceed in any
direction.

Network
Boundary Internal Branch Solid Ambient Conductor
Node Node Node Node
-t Fluid - - Solid o
Solid to Solid Solid to Solid . . Solid to
Conduction Radiation S Ambient

Figure 2. Data structure of the fluid-solid network has six major elements.

All elements of a network have properties. The properties can be classified into two catego-
ries: geometric and thermofluid. Geometric properties are again classified into two subcategories:
relational and quantitative. Relational properties define the relationship of the element with the
neighboring elements. Quantitative properties include geometric parameters such as area, length,
and volume. GFSSP’s data structure is discussed in detail in section 2.

1.4 Mathematical Formulation

GFSSP solves the conservation equations of mass and momentum in internal nodes and
branches to calculate fluid properties. It also solves for energy conservation equations to calculate
temperatures of solid nodes. Table 2 shows the mathematical closure that describes the unknown
variables and the available equations to solve the variables. Pressure, temperature, species concen-

tration, and resident mass in a control volume are calculated at the internal nodes, whereas the flow
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Table 2. Mathematical closure.

Unknown Variables Available Equations to Solve
Pressure Mass conservation equation
Flow rate Momentum conservation equation
Fluid temperature Energy conservation equation of fluid
Solid temperature Energy conservation equation of solid
Species concentrations Conservation equations for species
Fluid mass (unsteady flow) | Thermodynamic equation of state

rate is calculated at the branch. The equations are coupled and nonlinear; therefore, they are solved
by an iterative numerical scheme. GFSSP employs a unique numerical scheme known as simultane-
ous adjustment with successive substitution (SASS), which is a combination of Newton-Raphson
and successive substitution methods. The coupling of equations is shown in figure 3. The mass and
momentum conservation equations and the equation of state are solved by the Newton-Raphson
method while the conservation of energy and species are solved by the successive substitution method.

p = Pressure

m = Flow Rate

h = Enthalpy

¢ = Concentration
p = Density

Error

Iteration Cycle

c

Figure 3. Schematic of mathematical closure of GFSSP—coupling of thermodynamics
and fluid dynamics.

The total number of equations to be solved is determined from the number of internal nodes
and branches. Figure 4 shows a typical interpropellant flow circuit in a rocket engine turbopump. In
this circuit there are five boundary nodes and seven internal nodes. These nodes are connected by
12 branches. There are three inlet boundary nodes (48, 66, and 22) where oxygen, helium, and hydro-
gen enter into the fluid circuit. Mixtures of helium-hydrogen and helium-oxygen exit the circuit-
through boundary nodes numbered 50 and 16, respectively. At each internal node, four equations
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Notes: Atmosphere
* Number of internal nodes = 7 14.7 psia
» Number of branches = 12

« Total number of equations = 7x4+12=40

« Number of equations solved by Newton-
Raphson method = 7+12=19

« Number of equations solved by successive
substitution method= 3x7=21

Helium
151 psia
70 °F
Atmosphere
14.7 psia

—@— Branch
Boundary Node

Internal Node

-«—— Assumed Branch Flow Direction

Oxygen Hydrogen
550 psia 172 psia
60 °F -174 °F

Figure 4. Interpropellant seal flow circuit in a rocket engine turbopump.

are solved to calculate pressure, temperature, and two concentrations. It should be noted that in
a mixture of three components, concentrations of two components are solved. The concentration of
the third component is determined from the fact that the sum of all concentrations must be unity.
Flow rates are calculated in 12 branches. Therefore, GFSSP solves for 40 (=7x4+12) equations to
calculate all required variables in the circuit. Since the example problem is at steady state, resident
mass in the control volume was not calculated. The transient model of the same fluid circuit would
require the solution of 47(=7x5+ 12) equations at each time step of the simulation. The mathemati-
cal formulation has been described in detail in section 3.

1.5 Fluid Properties

GFSSP is linked with two thermodynamic property programs, GASP!0 and WASP!! and
GASPAK,!2 that provide thermodynamic and thermophysical properties of selected fluids. Both
programs cover a range of pressure and temperature that allows fluid properties to be evaluated
for liquid, liquid-vapor (saturation), and vapor region. GASP and WASP provide properties of
12 fluids (table 3). GASPAK includes a library of 35 fluids (table 4).
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Table 3. Fluids available in GASP and WASP.

Index Fluid

1 Helium
2 Methane
3 Neon
4 Nitrogen
5 Carbon monoxide
6 | Oxygen
7 | Argon
8 Carbon dioxide
9 Fluorine

10 Hydrogen

11 Water

12 RP-1

Table 4. Fluids available in GASPAK.

Index Fluid Index Fluid
1 | Helium 19 | Krypton
2 | Methane 20 | Propane
3 | Neon 21 | Xenon
4 | Nitrogen 22 |RMN
5 | Carbon monoxide | 23 | R-12
6 | Oxygen 24 | R-22
7 | Argon 25 |R-32
8 | Carbon dioxide 26 | R-123
9 | Parahydrogen 27 | R124
10 | Hydrogen 28 | R-125
11 | Water 29 | R-134A
12 | RP-1 30 |R-152A
13 | Isobutane 31 Nitrogen trifloride
14 | Butane 32 | Ammonia
15 | Deuterium 33 | Ideal gas
16 | Ethane 34 | Hydrogen peroxide
17 | Ethylene 35 | Air
18 | Hydrogen sulfide

1.6 Flow Resistances

In network flow analysis code, flow resistances are modeled by empirical laws. These empiri-
cal laws have been incorporated to model flow resistances for pipe flow, orifices, valves, and various
pipe fittings. GFSSP models these flow resistances in the momentum conservation equation as a fric-
tion term. There are 24 different resistance options available to users to choose from. There is also
a provision for introducing a new resistance option through User Subroutines. The available resis-
tance options are shown in table 5.
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Table 5. Resistance options in GFSSP.

Type Input Type Input
Option of Resistance Parameters Option of Resistance Parameters
1 Pipe flow L (in), D (in), /D 13 Common fittings and valves | D (in), Ky, K,
(two K method)
2 Flow-through restriction CLA (in2) 14 Pump characteristics* Ay, By, Cp, A (in2)
3 Noncircular duct a (in), b (in) 15 Pump power P (hp), n, A (in?)
4 Pipe with entrance and exit L (in), D (in), &/D, K;, K, 16 Valve with given C, C,A
loss
5 Thin, sharp orifice Dj (in), Dy (in) 17 Joule-Thompson device Lo, Vi k, A
6 Thick orifice L (in), Dy (in), Dy (in) 18 Control valve See example 12 data file
7 Square reduction D (in), Dy (in) 19 User defined A(in?)
8 | Square expansion D (in), D, (in) 20 | Heat exchanger core A (in?), Ag (in2), A, (in2), L
(in), K, Kq
9 Rotating annular duct L (in), r, (in), r; (in), N (rpm) 21 Parallel tube L (in), D (in), €/D, n
10 Rotating radial duct L (in), D (in), N (rpm) 22 Compressible orifice Cp, A(in?)
1" Labyrinth seal ri(in), ¢ (in), m (in), n, o 23 Labyrinth seal, Egli correlation | r; (in), ¢ (in), m (in), n, o
12 Flow between parallel plates | r; (in), ¢ (in), L (in) 24 Fixed flow Flow (Ib,/s), A (in?)

*Pump characteristics are expressed as Ap = Ay + Byrit+ Con‘az, Ap — Pressure rise, Ibfift, 7i2 — Flow rate, Ibm/s.

1.7 Program Structure

GFSSP has three major parts (fig. 5). The first part is the GUI, visual thermofluid analyzer
of systems and components (VTASC). VTASC allows users to create a flow circuit by a ‘point and
click’ paradigm. It creates the GFSSP input file after the completion of the model building process.

Solver and
Graphical User Property Module User
Interface Subroutines
(VTASC) + Equation Generator
»| + Equation Solver -
Input Data * Fluid Property Program New
File Physics
+ Time-Dependent Process
) + Nonlinear Boundary Conditions

+ Creates Flow Circuit + External Source Term
* Runs GFSSP - Output Data File + Customized Output
« Displays Results Graphically * New Resistance/Fluid Option

Figure 5. GFSSP’s program structure showing the interaction of three major modules.

It can also create a customized GFSSP executable by compiling and linking User Subroutines with
the solver module of the code. Users can run GFSSP from VTASC and post-process the results in
the same environment. The second major part of the program is the solver and property module.
This is the heart of the program that reads the input data file, and generates the required conservation

9
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equations for all internal nodes and branches with the help of thermodynamic property data. It also
interfaces with User Subroutines to receive any specific inputs from users. Finally, output files are
created for VTASC to read and display results. The User Subroutine is the third major part of the
program. This consists of several blank subroutines that are called by the Solver Module. These sub-
routines allow the users to incorporate any new physical model, resistance option, fluid, etc. in the
model. The computer program is discussed in detail in section 4.

1.8 Graphical User Interface

GFSSP’s GUI (fig. 6) provides the users a platform to build and run their models. It also allows
post-processing of results. The network flow circuit is first built using three basic elements: bound-
ary node, internal node, and branch. Then the properties of the individual elements are assigned.
Users are also required to define global options of the model that includes input/output files, fluid
specification, and any special options such as rotation, heat exchanger, etc. During execution of the
program, a run manager window opens up and users can monitor the progress of the numerical solu-
tion. On the completion of the run, it allows users to visualize the results in tabular form for steady
state solutions and in graphical form for unsteady solutions. It also provides an interface to activate

and import data to the plotting program, Winplot,!3 for post-processing. The GUI is discussed in
detail in section 5.
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Figure 6. GFSSP’s graphical user interface, VTASC, allows creating, running,
and viewing results in one environment.
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1.9 Example Problems

Several example problems have been included to aid users to become familiar with different
options of the code. The example problems also provide the verification and validation of the code
by comparing the code’s predictions with analytical solution and experimental data. These examples
include the following:

(1) Simulation of a flow system containing a pump, valve, and pipe line
(2) Flow network for a water distribution system
(3) Compressible flow in a converging-diverging nozzle
(4) Mixing of combustion gases and a cold gas stream
(5) Flow in a counter flow heat exchange
(6) Radial flow in a rotating radial disk
(7) Flow in a squeeze film damper
(8) Blowdown of a pressurized tank
(9) A reciprocating piston-cylinder
(10) Pressurization of a propellant tank
(11) Power balancing of a turbopump assembly
(12) Helium pressurization of liquid oxygen (LOX) and rocket propllent-1 (RP-1) propellent
tanks
(13) Steady state conduction through a circular rod
(14) Chilldown of cryogenic transfer line
(15) Fluid transient (waterhammer) due to sudden valve closure
(16) Simulation of pressure regulator downstream of a pressurized tank
(17) Simulation of flow regulator downstream of a pressurized tank
(18) Subsonic Fanno flow
(19) Subsonic Rayleigh flow
(20) Modeling of closed-cycle liquid metal (lithium) loop with heat exchanger to heat helium
gas
(21) Internal flow in a turbopump
(22) Simulation of a fluid network with fixed flow rate option
(23) Helium-assisted, buoyancy-driven flow in a vertical pipe carrying LOX with ambient heat
leak
(24) Simulation of relief valve in a pressurized tank
(25) Two-dimensional recirculating flow in a driven cavity
(26) Fluid transients in pipes due to sudden opening of valve
(27) Boiling water reactor
(28) No-vent tank chill and fill model
(29) Self-pressurization of a cryogenic propellant tank due to boil-off
(30) Modeling solid propellant ballistic with GFSSP.

These example problems are discussed in detail in section 6.
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2. DATA STRUCTURE

Conventional CFD codes generally use a structured coordinate system to express conserva-
tion equations for mass, momentum, and energy. The examples of structured coordinate systems
are rectangular cartesian, cylindrical polar, and spherical polar. In these coordinate systems, each
control volume has a fixed number of neighboring control volumes with which it exchanges mass,
momentum, and energy. In one dimension, each control volume has two neighbors; in two and three
dimensions, it has four and six neighbors, respectively. However, in network flow analysis, a control
volume can have an arbitrary number of neighbors as shown in figure 7. Therefore, the network
analysis code requires a unique data structure that allows each control volume to know its neighbors.
This is achieved by introducing relational properties for each control volume.

i j+1

i j i1

(a) (b) hj-1

(.
1}
()]

O J=4

(c) J=1

Figure 7. Examples of structured and unstructured coordinate systems: (a) One-
dimensional structured coordinate, (b) two-dimensional structured
coordinate, and (c) unstructured coordinate to represent flow network.
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GFSSP has a unique data structure that allows constructing all possible arrangements of
a flow network with no limit of number of elements. The elements of a flow network are fluid nodes
and branches, solid nodes, and conductors. The relationship between a fluid node and a branch is
defined by a set of relational geometric properties. Similarly, the relationship between a solid node
and conductors is defined by a set of relational geometric properties. The connection between solid
and fluid nodes for analyzing conjugate heat transfer is also defined by a set of relational properties.
With the help of these properties, it is possible to define any structure of the network as it progresses
through every junction of the network. The positive or negative flow direction is also defined locally.
Unlike a structured coordinate system, there is no global definition of flow direction and origin. The
development of a flow network can start from any point and can proceed in any direction. This sec-
tion describes the data structure used to develop the governing equations to be described in section 3.

2.1 Network Elements and Properties

GFSSP constructs a flow network with three basic elements: (1) Boundary node, (2) internal
node, and (3) branch. Thermodynamic states such as pressure, temperature, and species concentra-
tions are assigned in boundary nodes. At internal nodes, GFSSP calculates all thermofluid dynamic
variables such as pressure, temperature, enthalpy, entropy, species concentration, and thermophysi-
cal properties such as viscosity and conductivity. Flow rate and velocity are calculated in branches.
A typical flow network consisting of a boundary node, internal node, and branch are shown in
figure 1.

All nodes and branches are numbered arbitrarily by the user. GFSSP, however, assigns an
index number to each node and branch as the user creates a new node or branch to construct a flow
circuit. For example, NODE(I) represents the node number where I is the pointer of the NODE
array. As nodes are created, additional pointers are added to the array. Similarly, IBRANCH(I)
represents the branch number where I is the pointer of the IBRANCH array. INDEX(I) defines
the type of node. For an internal node, INDEX(I) =1, whereas for a boundary node, INDEX(I) =2.
The internal node numbers are also designated as INODE(I), where index I ranges from 1 to the total
number of internal nodes.

Conjugate heat transfer modeling requires extension of the fluid network to include a net-
work of solid nodes with interfaces between solid and fluid nodes. With this interface, convective and
radiation heat transfer between solid and fluid nodes is modeled. Three additional elements—solid
nodes, ambient nodes, and conductors—become part of the integrated network.

All elements have properties. The properties can be classified into two categories: geometric
and thermofluid (fig. 2). Geometric properties are again classified into two subcategories: relational
and quantitative. Relational properties define the relationship of the element with the neighboring
elements. Quantitative properties include geometric parameters such as area, length, and volume.

13
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2.2 Internal and Boundary Node Thermofluid Properties
The thermofluid properties (fig. 8) of internal and boundary nodes are:

* Pressure

* Temperature

* Density

* Species concentration
* Enthalpy

* Entropy

* Gas constant

* Viscosity

* Conductivity

* Specific heat ratio.

For unsteady flow, each internal node also includes thermofluid properties at the previous time step.

Pressure Temperature Density
Viscosity Concentration
\ Thermofluid /
Conductivity / \ Enthalpy
Specific Heat Gas Constant
Ratio Entropy

Figure 8. Thermofluid properties of internal and boundary nodes.
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2.3 Internal Node Geometric Properties

The internal node has geometric properties of two kinds: relational and quantitative. The
relational geometric properties of an internal node are:

* NUMBR(I), which defines the number of branches connected to the node of index I.
* NAMEBR(I,J), which defines the name of branch connected to node with index I; the index J
extends from 1 to the number of branches connected to the node I, stored in NUMBR(I).

The quantitative geometric property of an internal node is node volume, which is necessary to
calculate resident mass for unsteady calculation. The resident mass that determines the capacitance
of the node is not required for steady state calculations. The data structure of geometric properties
of an internal node is shown in figure 9. Figure 10 shows an example of relational geometric property

of a node. Following are the relational geometric properties of node 1:

Number of branches connected to node I, NUMBR(I) =4

Name of the branches connected to node I,

NAMEBR(I, 1)=31
NAMEBR(I, 2)=41
NAMEBR(I, 3)=51
NAMEBR(I, 4) = 12.

Geometric

Relational

NUMBR()

Figure 9. Data structure of geometric property of an internal node.

NAMEBR(, 1)

NAMEBR(, 2)

NAMEBR(I, NUMBR(l))

Quantitative

Volume
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26

12 27

41

s ——C O 1 —C O 2 —C >— 7
51 28
5/0/ 8

Figure 10. Example of node and branch relational properties.

2.4 Branch Properties

The branch has geometric properties of both kinds: relational and quantitative. The rela-
tional geometric properties of a branch are as follows:

* Name of upstream node

* Name of downstream node

* Number of upstream branches

* Name of upstream branches

* Number of downstream branches
* Name of downstream branches

* Index number of resistance option.

Figure 11 shows the geometric relational property of a branch. An example of those proper-
ties in a typical flow network is shown in figure 10. Each relational property of branch number 12
(IBRANCH(I)=12) in figure 10 is now defined:

Name of upstream node, IBRUN(I)=1
Number of upstream branches, NOUBR(I)=3
Name of upstream branches,

NMUBR(, 1)=31

NMUBR(, 2)=41

NMUBR(, 3)=51

Name of downstream node, IBRDN(I)=2
Number of downstream branches, NODBR(I)=3
Name of downstream branches,

NMDBR(I, 1)=26

NMDBR(I, 2)=27

NMDBR(I, 3)=28.
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Name of Upstream
Node

Name of Downstream
Node

NOUBR(l)

Relational

NMUBR(,1)

NODBRY()

NMDBR(,1)

NMUBR(I,NOUBRY())

Index Number of
Resistance Option

NMDBR(I,NODBR())

NODBR-Number of downstream bran

NOUBR-Number of upstream branches

NMUBR-Name of upstream branches

ches NMDBR-Name of downstream branches

Figure 11. Relational geometric properties of a branch.

The quantitative geometric properties of a branch are:

* Area
* Volume

* Radial distance of upstream node from the axis of rotation
» Radial distance of downstream node from the axis of rotation

* Rotational speed of the branch

» Six additional generic geometric parameters to characterize a given resistance option.

The thermofluid properties of a branch (fig. 12) are:

* Flow rate
* Velocity
* Resistance coefficient.

For unsteady flow, each branch also includes the quantitative geometric and thermofluid

dynamic properties at the previous time step.
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In fluid-solid network for conjugate heat transfer, solid nodes, ambient nodes, and conduc-
tors for heat transfer become part of the GFSSP network. Network elements for conjugate heat
transfer are shown in figure 13. There are four types of conductors: solid to solid conduction, solid
to solid radiation, solid to fluid, and solid to ambient. A typical GFSSP network for conjugate heat
transfer is shown in figure 14. A solid node can be connected to a fluid node and ambient node.
To determine solid temperature, conduction, convection, and radiation heat transfer between solid-

Return to Menu

Thermofluid

Flow Rate

Velocity

Resistance
Coefficient

Figure 12. Thermofluid properties of a branch.

2.5 Fluid-Solid Network for Conjugate Heat Transfer

solid, solid-fluid, and solid-ambient are computed.

Network
Boundary Internal Solid Ambient
Node Node Branch Node Node Conductor
- Fluid | -4—— Solid —
Solid to Sglid Solid t'o Solid Solid to Fluid Soliq to
Construction Radiation Ambient

18

Figure 13. Network elements for conjugate heat transfer.
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0 o

IE Boundary Node |:| Solid Node
O Ambient Node
I:I Internal Node

<— Conductor
—CO» Branches

<€—» Solid to Solid

) Solid to Fluid

<-> Solid to Ambient

Figure 14. GFSSP network for conjugate heat transfer.

2.6 Solid Node Properties

The properties of a solid node are shown in figure 15. In addition to name, material, mass,
and specific heat, there are six more relational properties that identify the number and names of solid

to solid, solid to fluid, and solid to ambient conductors.
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Name
NODESL (1)

Material
MATRL (1)

Mass
SMASS (1)

Specific Heat
CPSLD (I)

Temperature
TS (I)

Heat Source

Solid Node

SHSORC (1)

Number of Solid to Solid Conductors
NUMSS (1)

Names of Solid to Solid Conductors
NAMESS (I,NUMSS(1))

Number of Solid to Fluid Conductors
NUMSF (1)

Names of Solid to Fluid Conductors
NAMESF (I,NUMSF(l))

Number of Solid to Ambient Conductors
NUMSA (1)

Names of Solid to Ambient Conductors
NAMESA (I,NUMSA(1))

Number of Solid to Solid Radiation Conductors
NUMSSR (1)

Names of Solid to Solid Radiation Conductors
NAMESSR (I,NUMSA(1))

Figure 15. Properties of solid node.
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2.7 Solid to Solid Conductor

The properties of a solid to solid conductor are shown in figure 16. The relational properties
are names of connecting solid and fluid nodes. The geometric properties are area and distance between
adjacent solid nodes. The thermophysical property includes conductivity and effective conductance.

Name
ICONSS (1)

Name of
Connecting Node |
ICNSI (1)

Name of
Connecting Node J
ICNSJ (1)

Conductivity Between
Nodes | & J
CONDKU ()

Solid to Solid
Conductor

Conduction Area
Between Nodes | & J
ARCSU (1)

Distance Between
Nodes | & J
DISTSIJ (I)

Effective Conductance
Between Nodes | & J
EFCSIJ (1)

Heat Transfer Between
Nodes | & J
QDOTSS (1)

Figure 16. Properties of solid to solid conductor.
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2.8 Solid to Fluid Conductor

The properties of solid to fluid conductors are shown in figure 17. The relational properties
are names of connecting solid and fluid nodes. The geometric and thermofluid properties are heat
transfer area, heat transfer coefficient, effective conductance, and emissivity of solid and fluid nodes.

Name
ICONSF (1)

Name of Connecting
Solid Node
ICS (1)

Name of Connecting
Fluid Node
ICF (I)

Heat Transfer Coefficient
Between Solid & Fluid
HCSF (1)

Solid to Fluid
Conductor

Heat Transfer Area
Between Solid & Fluid
ARSF (1)

Heat Transfer Rate
Between Solid & Fluid
QDOTSF (1)

Effective Conductance
Between Solid & Fluid
EFCSF (I)

Emissivity of Solid
EMSFS (1)

Emissivity of Fluid
EMSFF (1)

Figure 17. Properties of solid to fluid conductor.
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2.9 Ambient Node Properties

Ambient node has only two properties: name and temperature (fig. 18).

Ambient
Node

Name
NODEAM

Temperature
TAMB (1)

Figure 18. Properties of ambient node.
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2.10 Solid to Ambient Conductor

The properties of a solid to ambient conductor are shown in figure 19. The relational proper-
ties of a solid to ambient conductor are names of connecting solid and ambient nodes. The geometric
and thermofluid properties include heat transfer area, heat transfer coefficient, effective conductance,

and emissivity of solid and ambient.

Name
ICONSA (1)

Name of Connecting
Solid Node
ICSAS (I)

Name of Connecting
Ambient Node
ICSAA (1)

Heat Transfer Coefficient
Between Solid & Ambient

HCSA (1)
Solid to Ambient
Conductor
Heat Transfer Area
Between Solid & Ambient
ARSA (I)

Heat Transfer Rate
Between Solid & Ambient
QDOTSA (1)

Effective Conductance
Between Solid & Ambient
EFCSA (1)

Emissivity of Solid
EMSAS (1)

Emissivity of Ambient
EMSAA (1)

Figure 19. Properties of solid to ambient conductor.
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3. MATHEMATICAL FORMULATION

GFSSP assumes a Newtonian, nonreacting and one-dimensional flow in the flow circuit.
The flow can be steady or unsteady, laminar or turbulent, incompressible or compressible, with or
without heat transfer, phase change, mixing, and rotation. The analysis of thermofluid dynamics in
a complex network requires resolution of the system into fluid nodes and branches, and solid nodes
and conductors. GFSSP calculates scalar properties such as pressure, temperature, and density at the
nodes, and vector properties such as flow rates, heat fluxes at fluid branches, and conductors, respec-
tively. Fluid nodes can be either internal nodes where properties are calculated or boundary nodes
where properties are specified. Temperatures are calculated at the solid nodes and specified at the
ambient nodes. This section describes all governing equations and solution procedure.

3.1 Governing Equations

Figure 20 displays a schematic showing adjacent nodes, their connecting branches, and the
indexing system. In order to solve for the unknown variables, mass, energy, and fluid species, con-
servation equations are written for each internal node and flow rate equations are written for each
branch.

Node | Fluid
j=2 | Mixture

Fluid
Mixture
Node . , Node . . Node
Single
Fluid
k=1 @ P
Single
Fluid '72‘16
k=2

Figure 20. Schematic of GFSSP nodes, branches, and indexing practice.
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3.1.1 Mass Conservation Equation

Following is the mass conservation equation:

Mrinr — My <
j=1
Equation (1) requires that for the unsteady formulation, the net mass flow from a given node
must equate to the rate of change of mass in the control volume. In the steady state formulation,
the left side of the equation is zero. This implies that the total mass flow rate into a node is equal
to the total mass flow rate out of the node. Each term in equation (1) has the unit of 1b/s.

3.1.2 Momentum Conservation Equation

The flow rate in a branch is calculated from the momentum conservation equation (eq. (2)),
which represents the balance of fluid forces acting on a given branch. A typical branch configuration
is shown in figure 21. Inertia, pressure, gravity, friction, and centrifugal forces are considered in the
conservation equation. In addition to these five forces, a source term, S, has been provided in the
equation to input pump characteristics or to input power to a pump in a given branch. If a pump is
located in a given branch, all other forces except pressure are set to zero. The source term, S, is set to
zero in all branches without a pump or other external momentum source:

(1) g g = (rre) :
LHAT T+MAX‘ml-j,O(uij—uu)—MAX‘ mlj,O(uij—uu)
g.AT
----- Unsteady-----  ------------------Longitudinal Inertia--------------------

+ MAX |1ty n6.0 0

(ui]- - up)— MAX‘—

(”lfi B “p)

mtrans ’

Transverse Inertia

2
pgVcosd . .| PRIy @ A Uy~ Uy
=\pi—p;) A+ ————— K,y |\m; | A + + U A
( ) ij g, VA /A g, gc5ij,p
--Pressure-- --Gravity-- ----Friction---- -Centrifugal- ----Shear----
_pAnormunormuij /gc t| Uy S . —Hy, U5 = | +S
ij,d ij,u 8¢
-Moving Boundary-  ---------- Normal Stress--------- -Source- )
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Node

¢ fi Axis of Rotation
N A

4

Figure 21. Schematic of a branch showing gravity and rotation.

()

The momentum equation consists of 11 terms. There will be no occasion when all 11 terms
will be present in a control volume. Users have the ability to include or exclude all terms except the
pressure term. For example, the friction and shear term will never be active at the same branch. The
shear term will be activated for multidimensional flow modeling when the friction term must be set
to zero. The pressure term will be active under all circumstances. The left-hand side of the momen-
tum equation represents the inertia of the fluid. The surface and body forces applied in the control
volume are assembled in the right-hand side of the equation. Each term of equation (2) has the unit
of Ib;. Following are descriptions of the 11 terms:

(1) Unsteady—This term represents rate of change of momentum with time. For steady state
flow, time step is set to an arbitrary large value and this term is reduced to zero.

(2) Longitudinal inertia—This term is important when there is a significant change in veloc-
ity in the longitudinal direction due to change in area and density. An upwind differencing scheme is
used to compute the velocity differential. Flow in a converging-diverging nozzle is an example where
this term must be active.

(3) Transverse inertia—This term is important for multidimensional flow. It accounts for
any longitudinal momentum being transported by a transverse velocity component. Once again, an

upwind differencing scheme is used to compute the velocity differential.

(4) Pressure—This term represents the pressure gradient in the branch. The pressures are
located at the upstream and downstream face of a branch.
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(5) Gravity—This term represents the effect of gravity. The gravity vector makes an angle
(6) with the assumed flow direction vector. At 6=180°, the fluid is flowing against gravity; at 6=90°,
the fluid is flowing horizontally, and gravity has no effect on the flow.

(6) Friction—This term represents the frictional effect. Friction was modeled as a product
of K, and the square of the flow rate and area. K, is a function of the fluid density in the branch and
the nature of the flow passage being modeled by the branch. The calculation of K for different types
of flow passages is described in section 3.1.7.

(7) Centrifugal—This term in the momentum equation represents the effect of the cen-
trifugal force. This term will be present only when the branch is rotating as shown in figure 21.
K. otation 18 the factor representing the fluid rotation. K ;.o 15 unity when the fluid and the sur-
rounding solid surface rotate with the same speed. This term also requires knowledge of the dis-

tances from the axis of rotation between the upstream and downstream faces of the branch.

(8) Shear—This term represents shear force exerted on the control volume by a neighboring
branch. This term is active only for multidimensional flow. The friction term is deactivated when this
term is present. This term requires knowledge of distances between branches to compute the shear
stress.

(9) Moving boundary—This term represents force exerted on the control volume by a mov-
ing boundary. This term is not active for multidimensional calculations.

(10) Normal stress—This term represents normal viscous force. This term is important for
highly viscous flows.

(11) Source—This term represents a generic source term. Any additional force acting on the
control volume can be modeled through the source term. In a system level model, a pump can be
modeled by this term. A detailed description of modeling a pump by this source term (.S) appears in
sections 3.1.7.14 and 3.1.7.15.

A simplified form of the momentum equation has also been provided to compute flow rate for
compressible flow in an orifice. For the ratio of downstream to upstream pressure,

4 <Per > (3a)
b
where
14
2 \y-1
Pcr:£_y+1j . (3b)
The flow rate in a branch is calculated from
- 2y 2/ -1/
ity =Cryd [ppige—(pa) V| 1=(p) Y V17 (3¢)
ly y — 1
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D . .
If ?j_ > p.» the flow rate in a branch is calculated from:

2ly (y=Dly
D —C. oA 2y [ Pj - P
My =C A PiPie 7| », . (3d)
1

It may be noted that this is a special form of the momentum equation and no other terms of the
momentum equation can be activated when the compressible orifice equation (egs. (3c) or (3d)) is in
use.

3.1.3 Energy Conservation Equations

GFSSP solves for the energy conservation equations for both fluid and solid at internal fluid
nodes and solid nodes. The energy conservation equation for fluid is solved for all real fluids with or
without heat transfer. For conjugate heat transfer, the energy conservation equation for solid nodes
is solved in conjunction with the energy equation of fluid nodes. The heat transfer between solid and
fluid nodes is calculated at the interface and used in both equations as source and sink terms.

3.1.3.1 Energy Conservation Equation of Single Fluid. The energy conservation equation for
node 7, shown in figure 20, can be expressed following the first or second law of thermodynamics. The
first law formulation uses enthalpy as the dependent variable, while the second law formulation uses
entropy. The energy conservation equation based on enthalpy is shown in equation (4a):

) W G
sar r:j; {MAX[ ;.0 - MAX 1.0 iy |

+

],

p,—p, |+ Kt V. 4)+0O, . (4a)
‘ . ij ij
m..

i

J y

Equation (4a) shows that for transient flow, the rate of increase of internal energy in the con-
trol volume is equal to the rate of energy transport into the control volume minus the rate of energy
transport from the control volume plus the rate of work done on the fluid by the pressure force plus
the rate of work done on the fluid by the viscous force plus the rate of heat transfer into the control
volume. The term (p;— Pj)Viinj represents work inplzlt to the fluid due to rotation or having a pump
in the upstream branch of node i. The term K ,]mlJVUAU represents viscous work in the upstream

branch of the node i where Vij and 4 jare velocity and area of the upstream branch.
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For a steady state situation, the energy conservation equation, equation (4a), states that the
net energy flow from a given node must equate to zero. In other words, the total energy leaving a node
is equal to the total energy coming into the node from neighboring nodes and from any external heat
sources (Q,) coming into the node and work done on the fluid by pressure and viscous forces. The
MAX operator used in equation (4a) is known as an upwind differencing scheme and has been exten-
sively employed in the numerical solution of Navier-Stokes equations in convective heat transfer and
fluid flow applications.” When the flow direction is not known beforehand, this operator allows the
transport of energy only from its upstream neighbor. In other words, the upstream neighbor influ-
ences its downstream neighbor but not vice versa. The second term on the right-hand side represents
the work done on the fluid by the pressure and viscous force. The difference between the steady and
unsteady formulation lies in the left side of the equation. For a steady state situation, the left side of
equation (4a) is zero, whereas in unsteady cases, the left-hand side of the equation must be evaluated.

The energy conservation equation based on entropy is shown in equation (4b):

(mS)T+AT_(mS)T j=n . .
o - ]E {MAX[—mU.,o}sj—MAX[mU.,o}si}
j=n MAX[—MU,O} , 0.
s ' Sjogon t - (4b)
j=1 i ’ i

The entropy generation rate due to fluid friction in a branch is expressed as

3
= APy viscous _ Ky (| ij ) (4¢)
ij.gen p,T.J e, T,J

Equation (4b) shows that for unsteady flow, the rate of increase of entropy in the control
volume is equal to the rate of entropy transport into the control volume plus the rate of entropy
generation in all upstream branches due to fluid friction plus the rate of entropy added to the control
volume due to heat transfer. The first term on the right-hand side of the equation represents the con-
vective transport of entropy from neighboring nodes. The second term represents the rate of entropy
generation in branches connected to the ith node. The third term represents entropy change due to
heat transfer. Each term in equation (4b) has the unit of Btu/R-s.

3.1.3.2 Energy Conservation Equation of Fluid Species. Energy conservation equations of
fluid species are necessary for modeling fluid mixtures. GFSSP asumes a fluid mixture to be homo-
geneous, and therefore the mass and momentum equations are identical to those of a single fluid.
GFSSP has three options to model a mixture to calculate the temperature and thermophysical prop-
erties of the mixture. The first two options can be used for a mixture of gas and/or liquid as long
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as there is no change of phase in any mixture component. The third option handles a mixture of
liquid and gas where the liquid or gas may go through a phase change. In all three options the
conservation equations of fluid species are solved as described in section 3.1.4. However, the three
options differ in the way energy equations are handled. In the first option (referred to as the tempera-
ture option), the energy equation is solved in terms of temperature as described in section 3.1.6. In
the second option (referred to as the enthalpy-1 option), a mixture enthalpy was calculated for the
energy conservation equation from enthalpies of fluid species, and temperature was calculated by an
iterative method from a mixture enthalpy equation. In the third option (referred to as the enthalpy-2
option), separate energy equations for each species are solved and the temperature of the mixture is
calculated by averaging the thermal mass (product of mass and specific heat) of all components. In
this section, the energy conservation equations for both enthalpy options are described:

(1) Enthalpy-1 option—The enthalpy at node i in figure 20 is calculated from the following

equation which is derived from the energy conservation equation expressed in terms of individual
species concentration and enthalpy:

i z j’khj’kMAX[ ml/’0:| (m}Li)T+Qi

— At
hi,T+AT j= nk=ng . (5)
Y Y x; AMAX] i, 0]+ Az
, 7 At
j=1 k=1

The method of calculating temperature in the enthalpy-1 option is described in section 3.1.6.

(2) Enthalpy-2 option—In this option, a separate energy equation for individual species
1s solved. The energy equation for individual species (k) can be expressed as:

p p
mh, — —| m.h,, —
k k
( o ka]T+AT ( o ka}T

AT

Transient term
j=n
—;{MAX[ .0 |, ~MAX [ 1,0 |, }+0, -

Advection term Source term (6)

The external heat source is expressed as:

O =9,
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where
O, = external heat source, i.e., heat from solid node, etc.
Cik = molar concentration of kth species in the ith node.

It may be noted that work input and viscous work were neglected in the species energy equation. The
method of calculating temperature and mixture properties is also described in section 3.1.6.

3.1.3.3 Energy Conservation Equation of Solid. Typically, a solid node can be connected with
other solid nodes, fluid nodes, and ambient nodes. Figure 22 shows a typical arrangement where

a solid node is connected with other solid nodes, fluid nodes, and ambient nodes. The energy conser-
vation equation for solid node i can be expressed as:

a . Mgy ) nsf . ng, . .
g( CPTSZ) = 2 s + 2 qsf + 2 9u +Si . (7)
=L g

Ambient Node

Ja=1 Q/ O Ja=2
\ 4
\ |:| i

Solid Node

-

5
= J

I:I a— Fluid Node
f=

3
=1

]

I

[]

Jr

E=N

2 ji=3

Figure 22. Schematic showing the connection of a solid node with neighboring solid,
fluid, and ambient nodes.

The left-hand side of the equation represents rate of change of temperature of the solid node,
i. The right-hand side of the equation represents the heat transfer from the neighboring node and
heat source or sink. The heat transfer from neighboring solid, fluid, and ambient nodes, respectively,
can be expressed as

dys = k i A‘l]v / 61] (TSJS - Tvl ) ) (7a)

N
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dor = hiijijf (Tff - Tsl) g (7b)
and

iy, =y, 4y, (100 =) (7e)

The heat transfer rate can be expressed as a product of conductance and temperature differ-
ential. The conductance for equations (7a)—(7c) are as follows:

k. A
_ T, _ _
Gy = 5 Cy, =hy Ay .and Cy =l 4; . (7d)

respectively, where effective heat transfer coefficients for solid to fluid and solid to ambient nodes are
expressed as the sum of the convection and radiation:

y, = h el + hr’ i, (7e)
and
. N2 2 . .
Jf Jf
G[(Tff) +(1) }[Tff +TS’}
riy e, +1/g; ~1
S \2 \2 . .
Jg Jg
o[(Ta | +(r) }[Ta +T} |
B o= , 7
"Ya 1e; ,+11€; 1 7

GFSSP provides users with four different options for specifying heat transfer coefficient:

(1) User can provide a constant heat transfer coefficient.
(2) User can specify the Dittus-Boelter equation!4 for single-phase flow where the Nusselt
number is expressed as:

h.D
]; =0.023(Re)* ¥ (Pr)*33 | (7g)
/

where Re = puD/uf and Pr= G, /.Lf/kf.
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(3) User can specify modified Miropolskii’s correlation!> for two-phase flow:

Nu=0.023(Re )" (Pr )" (¥)

el e

cu,
Pr = p—)
v kv
0.4
Y:l—O.l[&— ) (1-x)"* . (7h)

(4) User can provide a new correlation in the User Subroutine to be described in section 4.
Equation (7) can be rearranged to determine TS’:

Mgy j My jf Ny j (mcp) .
s a ! :
Z Cy T, + Z Cy, Ty + 2 CyTa + " Tom+S
i =57 L L ®)
§ mC Mg nsf Ngq
P
o~ +2Cijg+ ZCl.jf+ ZCl.ja
=l =l i =1

3.1.4 Fluid Species Conservation Equation

For a fluid mixture, density is a function of mass fraction of fluid species. In order to calculate
the density of the mixture, the concentration of the individual fluid species within the branch must
be determined. The concentration for the kth species can be written as

mici k —\mic; i Jj=n .
[meis) . ug e )T= Y {MAX[—n’z..,O}c. —MAX[m..,O}c. }+S, . )
AT =1 i Jk ij ik ik

For a transient flow, equation (7) states that the rate of increase of the concentration of the
kth species in the control volume equals the rate of transport of the kth species into the control vol-
ume minus the rate of transport of the kth species out of the control volume plus the generation rate
of the kth species in the control volume.
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Like equation (4), for steady state conditions, equation (7) requires that the net mass flow
of the kth species from a given node must equate to zero. In other words, the total mass flow rate of
the given species into a node is equal to the total mass flow rate of the same species out of that node.
For steady state, the left side of equation (7) is zero. For the unsteady formulation, the resident mass
in the control volume is changing and therefore the left side must be computed. Each term in equa-
tion (5) has the unit of Ib/s.

3.1.5 Thermodynamic and Thermophysical Properties

The momentum conservation equation, equation (2), requires knowledge of the density
and the viscosity of the fluid within the branch. These properties are functions of the temperatures,
pressures, and concentrations of fluid species for a mixture. Three thermodynamic property routines
have been integrated into the program to provide the required fluid property data. GASP!0 provides
the thermodynamic and transport properties for 10 fluids. These fluids include hydrogen, oxygen,
helium, nitrogen, methane, carbon dioxide, carbon monoxide, argon, neon, and fluorine. WASP!!
provides the thermodynamic and transport properties for water and steam. For RP-1 fuel, a lookup
table of properties has been generated by a modified version of GASP. An interpolation routine has
been developed to extract the required properties from the tabulated data. GASPAK 2 provides ther-
modynamic properties for helium, methane, neon, nitrogen, carbon monoxide, oxygen, argon, car-
bon dioxide, hydrogen, parahydrogen, water, RP-1, isobutane, butane, deuterium, ethane, ethylene,
hydrogen sulfide, krypton, propane, xenon, R-11, R-12, R-22, R-32, R-123, R-124, R-125, R-134A,
R-152A, nitrogen trifluoride, ammonia, hydrogen peroxide, and air.

3.1.5.1 Equation of State for a Real Fluid. Transient flow calculations require the knowledge
of resident mass in a control volume. The resident mass is calculated from the equation of state for
real fluid that can be expressed as

pV
m=_o (10)

It may be noted that equation (10) is valid for liquid, gas, and gas-liquid mixture. For an ideal
gas compressibility factor, z is unity. The compressibility factor for real gas is computed from the
equation of state of real fluids using the above-mentioned thermodynamic property programs. For
a two-phase mixture, z is computed from the following relation:

4

Z:pmixRT ) (10a)
where
_ P1Pg
Prix = xp; —(I_X)pg (IOb)
and
x=— (10c)
Sg =58
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3.1.6 Mixture Property Calculations

This section describes the procedures developed for GFSSP to estimate the density and tem-
perature of mixtures of real fluids for all three mixture options. We assume that » fluids are mixing
in the ith node. At node i, pressure (p) and molar concentrations (x;) are known. The problem is to
calculate the density (p), temperature (7)), specific heat (Cp), specific heat ratio (), and viscosity ()
of the mixture at the ith node.

Density by Amagat’s Model. GFSSP’s default mixture model uses Amagat’s Law of Partial Vol-
umes. It 1s suitable for liquids and ideal gas mixtures. The density of the mixture in the node (p,;,)
1s a function of the densities of the individual components evaluated at the temperature and total
pressure of the node:

k=n
1 3 Yk (11)
Pmix k=1 Pk

Density by Dalton’s Model. GFSSP offers the option of evaluating mixture densities using Dalton’s
Law of Partial Pressures for gas mixtures. This option would be used when at least one species of the
gas mixture is at or below its saturation temperature and would be a liquid at the full pressure of the
node, but a gas at the partial pressure of the species. The density of the mixture in the node is a func-
tion of the densities of the individual components evaluated at the temperature of the node and the
partial pressure of the species:

k=n
Prnix = 2 Prc - (12)
k=1

Other Properties. The compressibility factor of the mixture (Z

mix) 18 calculated from the equation
of state:

P

Z = (13)
e pmimeixT

The gas constant of the mixture (R
of the mixture:

mix) 18 the universal gas constant divided by the molecular weight

Runiv 1 4)
= .

=n
D XM,
k=l

Rmix =

The viscosity, specific heat, and specific heat ratio of the mixture are calculated as the molar averages
of the component properties as shown in equations (15)—(17).

k=m
Homix= 2 Xkl - (15)
Je=1
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k=n
CouXeMy
_ k=l
Cp,mix —  k=n > (16)
X) M
k=1
and
k=n
Yinix = 2 Xk Yk - (17)
k=1

3.1.6.1 Mixture Temperature Option. The default method for calculating the temperature of
a mixture is the Temperature option. The unsteady formulation of the energy equation (eq. (4)) is
rewritten, where the enthalpy is replaced by the product of the specific heat and temperature:

=n

2 P Cptej Xk, TMAX | =it 0 |+ (CV,Z- ml-TI-)T/AT+Ql.
(7})T+AT - __ k=n , (18)
]Z,zl kzz, Dk, xk]MAX[mU,OJ (CVJ m)HAT | At

where C, ; is the molar specific heat and x;_ is the mole-fraction of the kth species. It is stressed that
this formulatlon does not handle phase-change and assumes that the specific heat is approximately
constant over the temperature range of interest. It may also be noted that the work input and viscous
work were neglected in this formulation of the energy equations.

3.1.6.2 Enthalpy-1 Option. The temperature is calculated by an iterative method where
temperature is calculated from the following equation:

k:nf

2 xi,khi,k(pi’Ti)_hi:O . (19)
k=1

It may be noted that equation (19) assumes Amagat’s model. For Dalton’s model equation (19) can
be rewritten as:

kznf

Z X ik (pi,k’Ti)_ =0 (192)
k=1

Note that partial pressure has been used in equation (19a).

Once the temperature is calculated, the properties of individual species will be calculated
from pressure and enthalpy of the individual species. For a gaseous mixture, the mixture properties
will then be calculated by taking molar average of species properties as shown in equations (15)—(17).
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3.1.6.3 Enthalpy-2 Option. Temperature and other properties of individual species are calcu-
lated from node pressure and the enthalpy of the species:

Ty = f(pi»hik)
P =1 (Pl
Hige = f(pi’hik)
Ky = f(pi’hik)

Cpik =/ (pi’hik) : (20)

The nodal properties are calculated by averaging the properties of species as shown in equations (15)—(17).

The temperature of the node is calculated from the following relation:

A
2 Cik Cpik Tik
_ k=1
Ti = C— . 21)
b

3.1.7 Friction Calculations

It was mentioned earlier in this TP that the friction term in the momentum equation is
expressed as a product of Ky, the square of the flow rate and the flow area. Empirical information
is necessary to estimate K,. Several options for flow passage resistance are listed in table 5. In this
subsection, the expression of K for all resistance options is described.

3.1.7.1 Pipe Flow (Branch Option 1). Figure 23 shows the pipe resistance option parameters
that are required by GFSSP. This option considers that the branch is a pipe with length (L), diameter
(D), and surface roughness (). For this option, K can be expressed as:

8 /L

=, (22)
punD’g,

Ky

where p,, is the density of the fluid at the upstream node of a given branch. The derivation of K for
pipe flow is covered in appendix A.
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D = Pipe Diameter
L = Pipe Length
€ = Absolute Roughness

Figure 23. Pipe resistance option parameters.

The Darcy friction factor (f) is determined from the Colebrook equation,!® which is expressed

1 € 2.51
——= —ZIOg[ } , (23)

Jr 37D Ref

where €/D and Re are the surface roughness factor and Reynolds number, respectively. It may be
mentioned that all pipe flow options assume fully developed flow.

as:

3.1.7.2 Flow Through a Restriction (Branch Option 2). This option regards the branch
as a flow restriction with a given flow coefficient (C;) and area (A4). For this option, K, can be
expressed as:

1
Kfr=———5—5 24
/" 2g.p,CT A 24)
In classical fluid mechanics, head loss is expressed in terms of a nondimensional ‘K factor’:
2
u
Ah=K— . (25)
2g
K and C; are related as:
C, = L (26)
L=JK -
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3.1.7.3 Noncircular Duct (Branch Option 3). This option considers a duct with a noncircular

cross section. Four different types of cross sections can be modeled as shown in figure 24.

(c)

Figure 24. Noncircular duct cross section: (a) Rectangle, (b) ellipse,
(c) concentrate annulus, and (d) circular sector.

Y

(d)

White describes a procedure to estimate the friction factor in a noncircular duct.!” This
procedure consists of the following steps:

(1) Estimate the hydraulic diameter of the cross section: D), =(4)(area)/perimeter.

(2) Estimate the Poiseuille number (Po) for a particular cross section. The Poiseuille num-
ber can be expressed as a polynomial function of aspect ratio as shown in equation (27). Table 6
provides the coefficients for different geometries.

b b2 by p\*
Po=Ao+dl| |+ 42| | +A3| | +44| ) -

Table 6. Poiseuille number coefficients for noncircular duct cross sections.

Concentric* | Circular
Coefficients | Rectangle Ellipse Cylinder Section
Ay 23.9201 19.7669 22.0513 11.9852
A -29.436 -4.53458 6.44473 3.01553
A, 30.3872 -11.5239 -7.35451 -1.09712
Ag -10.7128 22.3709 2.78999 -
A - -10.0874 - -

A
b 1
*For bla<0.2508 P= Ao(gj » where, Ay =24.8272, A, = 0.0479888.

(3) Calculate the friction factor for a noncircular pipe:

* Laminar flow (Re <2,300)

40

3 4Po

"~ Re

(27)

(28)



Return to Menu List of Figures

e Turbulent flow

— Compute the effective diameter:

16D,
of = pg (29)
— Compute the effective Reynolds number:
1t Dy
— Compute the friction factor using the Colebrook equation (eq. (23)).
(4) Compute Ky from the following expression:
8 fL
Ky =—I5 (1)
pu v/ Dh g(;

3.1.7.4 Pipe With Entrance and Exit Loss (Branch Option 4). Figure 25 shows the pipe with
entrance and/or exit loss resistance option parameters that are required by GFSSP. This option is an
extension of option 1. In addition to the frictional loss in the pipe, entrance and exit losses are also
calculated. For this option, K can be expressed as:

=— 5 zfs g (32)
punD'g. PDg. PDTE,

K,

where K;and K, are the entrance and exit loss coefficients, respectively.

Ve
Entrance / Exit
Detail A Detail A

D = Pipe Diameter K; = Entrance Loss Coefficient
L =Pipe Length K, = Exit Loss Coefficient
€ = Absolute Roughness

- O

Figure 25. Pipe with entrance and/or exit loss resistance option parameters.
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3.1.7.5 Thin, Sharp Orifice (Branch Option 5). Figure 26 shows the thin, sharp orifice resis-
tance option parameters that are required by GFSSP. This option considers the branch as a thin,
sharp orifice with a pipe diameter of D and an orifice diameter of D,. For this option, K can be

expressed as:!8
K, = A
28.p, A
7le2
4

where A=

For upstream Re < 2,500,

D 2 120 D 2 D 4
K =|272+| =2 (--1) 1-| =2 —L| -1
D; ) \Re D, D,

For upstream Re > 2,500,

2 2 4
D D D

K =|272-| % (4’000) 1-| =2 —L] -1
D, ) \ Re D, D,

This option is recommended for subsonic and incompressible flow.

I n

D, = Pipe Diameter
D, D, = Orifice Throat Diameter

1

Figure 26. Thin, sharp orifice resistance option parameters.
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3.1.7.6 Thick Orifice (Branch Option 6). Figure 27 shows the thick orifice resistance option
parameters that are required by GFSSP. This option models the branch as a thick orifice with
a pipe diameter of D;, an orifice diameter of D,, and orifice length of L . This option should be
used if L,./D, < 5. 1f L,./Dy > 5, the user should use a square expansion, option 8, or a square
reduction, option 7. For option 6, K can be expressed as in equation (33). However, the K, in
equation (33) is calculated!8 from the following expressions:

For upstream Re < 2,500,
2 2 4
D D D
K, = z.72+[32j (120—1) 1—[ 2} [—IJ ~1/0.584+ 0.0936 . (36)

1) \Re D) ||\ D, (L, /D,)" +0.225

For upstream Re > 2,500:

2 2 4
D D D
K = 2.724{—2] (Mj 1—(—2] (—1] —1/0.584+ O'O?ié . (37
D)\ Re Dy D, (L, /D,) "~ +0.225

This option is recommended for subsonic and incompressible flow.

I

-t

B 5

, = Pipe Diameter

, = Orifice Throat Diameter
Figure 27. Thick orifice resistance option parameters.

L, = Orifice Length
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3.1.7.7 Square Reduction (Branch Option 7). Figure 28 shows the square reduction resistance
option parameters that are required by GFSSP. This option considers the branch as a square reduc-
tion. The diameters of the upstream and downstream pipes are D; and D,, respectively. For this
option, Kycan be expressed as in equation (33). However, the K in equation (33) is calculated from
the following expressions: 18

For upstream Re < 2,500,

4
D
KI:[1.2+@} —L 1. (38)
Re D,
For upstream Re > 2,500,
2
2 2
Dy Dy
K, =[0.6+048/]| — — | -1/ . (39)
D, D,

The Reynolds number and friction factor that are utilized within these expressions are based on the
upstream conditions. The user must specify the correct flow direction through this branch. If the
model determines that the flow direction is in the reverse direction, the user will have to replace the
reduction with an expansion and rerun the model.

D4 = Upstream Pipe Diameter
D, = Downstream Pipe Diameter

Figure 28. Square reduction resistance option parameters.
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3.1.7.8 Square Expansion (Branch Option 8). Figure 29 shows the square expansion resis-
tance option parameters that are required by GFSSP. This option considers the branch as a square
expansion. The diameters of the upstream and downstream pipes are D; and D,, respectively. For
this option, K can be expressed as in equation (33). However, the K in equation (33) is calculated
from expressions (40) and (41).18 The Reynolds number and friction factor that are utilized within
these expressions are based on the upstream conditions. If the flow direction is opposite to what is
specificed in the model input (i.e., the flow rate becomes negative), this option will automatically

switch to branch option 8, the Square Expansion (sec. 3.1.7.8).

4
Dl

K =2[1-| =L
D2

2
Kl_[1+0.8f] 1 £_D )

2

For upstream Re < 4,000,

For upstream Re > 4,000,
2

This option is recommended for subsonic and incompressible flow.

L

D, = Upstream Pipe Diameter
Dy Flow D, D, = Downstream Pipe Diameter

!

Figure 29. Square expansion resistance option parameters.

(40)

(41)
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3.1.7.9 Rotating Annular Duct (Branch Option 9). Figure 30 shows the rotating annular
duct resistance option parameters that are required by GFSSP. This option considers the branch
as a rotating annular duct. The length, outer radius, and inner radius of the annular passage are L,
r,, and r;, respectively. The inner surface is rotating at N rpm (N =30 w/p). For this option, Ky can
be expressed as:

K, = /L . (42)
Py’ A (1, ~1i)

The friction factor (f) in equation (42) was calculated from the following expressions:!?
for = 0.077(Ru)0#* (43)

where
H (44)

and u is the mean axial velocity, therefore:

570.38
L_{1+0.7656(?j } .
Jor ! (45)

L = Duct Length (Perpendicular to Page)
= Duct Rotational Velocity

r; = Duct Inner Radius

r, = Duct Outer Radius

Figure 30. Rotating annular duct resistance option parameters.
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3.1.7.10 Rotating Radial Duct (Branch Option 10). Figure 31 shows the rotating radial duct
resistance option parameters that are required by GFSSP. This option considers the branch as a rotat-
ing radial duct. This option accounts only for the frictional losses encountered with this type of flow.
Since centrifugal effects are also important in a rotating radial duct, the user must select this option
and activate the rotational term in the momentum conservation equation (eq. (2)). The activation of
the rotational term is explained in section 5.3.2 (fig. 68).

A
o
\i

L = Duct Length

® = Duct Rotational Velocity /\
D = Duct Diameter Y N~

r; = Inner Radius

r= Outer Radius

()

Axis of
(0]
Rotation ..... ‘.' - * ................................ :_) ........

Figure 31. Rotating radial duct resistance option parameters.

The length and diameter of the duct are L and D, respectively. The rotational speed is @ rad/s.
For this option, K can be expressed as:

8 fL

Kf=———=—". (46)
P D8,
The friction factor (f) in equation (46) was calculated from the following equations:20
for =0.0791(Re) 0% 47)
and
D D2 0.282
094240058 l(w—) [“’—j] . (48)
0T u 1%
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3.1.7.11 Labyrinth Seal (Branch Option 11). Figure 32 shows the labyrinth seal resistance
option parameters that are required by GFSSP. This option considers the branch as a labyrinth seal.
The number of teeth, clearance, and pitch are n, ¢, and m, respectively. For this option, Kf can be
expressed as:

(1/2+0.5) n+1.5

/ 2g, p,o° 4
where the carryover factor (€) is expressed as:
e= ||
B | (n—l)c/mp ' (50)
“n(c/m+0.02)

For a straight labyrinth seal, o should be set to unity. For a stepped labyrinth seal, o should be less
than unity. A value of 0.9 has been recommended for many rocket engine turbopump applications.

¢ = Clearance

m = Gap Length (Pitch)
r; = Radius (Tooth Tip)
n = Number of Teeth

Figure 32. Labyrinth seal resistance option parameters.
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3.1.7.12 Flow Between Parallel Plates (Branch Option 12). Figure 33 shows the parallel flat
plate resistance option parameters that are required by GFSSP. This option considers the branch as
having laminar flow between parallel flat plates. A face seal can be modeled using this option. The
flow is assumed to occur between two parallel plates separated by a distance equal to the clearance
between the shaft and the housing. The effect of curvature is neglected. The length, inner diameter,
and clearance of the seal are L, D, and c, respectively. For this option, Kf can be expressed as:?!

12u L
K,=—tP (51)
g D |ri|

-t

¢ = Seal Thickness (Clearance)
B B = Passage Width (B=rD)
L = Seal Length

.-D:L_O

Figure 33. Parallel flat plate resistance option parameters.
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3.1.7.13 Common Fittings and Valves (Branch Option 13). This option considers the branch
as common fittings or valves. The resistance in common fittings and valves can be computed by the
two-K method.?? For this option, K can be expressed as:

_ K;/Re+K_(1+1/D)

’ Py e (52)

9
where

K, = K for the fitting at Re = 1
K_, = K for the fitting at Re = o
D = internal diameter of attached pipe (in).

The constants K| and K, for common fittings and valves are listed in table 7.

Table 7. Constants for two-K method of hooper for fittings/valves?2
(GFSSP resistance option 13).

Fitting Type K, K,
90° elbows Standard (R/D = 1), screwed 800 04
Standard (R/D = 1), flanged or welded 800 0.25
Long radius (R/D = 1.5), all types 800 0.2
Mitered (R/D =1.5) | 1 weld (90° angle) 1,000 1.15
2 welds (45° angle) 800 | 0.35
3 welds (30° angle) 800 | 0.3
4 welds (22.5° angle) 800 | 0.27
5 welds (18° angle) 800 | 0.25
45° elbows Standard (R/D = 1), all types 500 0.2
Long radius (R/D = 1.5), all types 500 0.15
Mitered, 1 weld, 45° angle 500 0.25
Mitered, 2 weld, 22.5° angle 500 0.15
180° elbows Standard (R/D = 1), screwed 1,000 | 06
Standard (R/D = 1), flanged or welded 1,000 | 0.35
Long radius (R/D = 1.5), all types 1,000 | 03
Tee, used as elbow | Standard, screwed 500 0.7
Long radius, screwed 800 0.4
Standard, flanged or welded 800 0.8
Stub-in-type branch 1,000 1
Tee, flow through Screwed 200 0.1
Flanged or welded 150 | 05
Stub-in-type branch 100 -
Valves Gate, ball, plug Full line size, B =1 300 0.1
(B = doyifice!Apipe) Reduced trim, $=0.9 500 | 0.15
Reduced trim, §=0.8 | 1,000 0.25
Globe, standard 1,500 | 4
Globe, angle or Y-type 1,000 2
Diaphragm, dam type 1,000 | 2
Butterfly 800 | 0.25
Check Lift 2,000 |10
Swing 1,500 15
Tilting disk 1,000 | 05
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3.1.7.14 Pump Characteristics (Branch Option 14). This option considers the branch
as a pump with given characteristics. The pump characteristics must be expressed as a curve fit
of pressure rise versus flow rate:

Ap= A, + Bor+Cyir® (53)
where

Ap = pressure rise (1bf/ft2).
m = flow rate (Ibm/s).

The user must input the intercept 4, and the first and second order terms, B, and C, of the curve
fit. The momentum source (S) in equation (2) is then expressed as:

S=Ap A. (54)

3.1.7.15 Pump Horsepower (Branch Option 15). This option considers the branch
as a pump with a given horsepower (P) and efficiency (17). The momentum source (S) in equation (2)
1s then expressed as:

S SSOpM.Pn A .

m

(55)

3.1.7.16 Valve With a Given Loss Coefficient (Branch Option 16). This option considers the
branch as a valve with a given flow coefficient (C,). The flow coefficient is the volume (in gallons) of
water at 60 °F that will flow per minute through a valve with a pressure drop of 1 psi across the valve.
The recommended formula for C, determination with water is:

C, :Q\/AIP , (56)

where Q is the volumetric flow rate in gpm of water at 60 °F and Ap is the pressure drop in psia. For
this option, K can be expressed as:

_4.68x10°

_ 57)
T pcl

3.1.7.17 Joule-Thompson Device (Branch Option 17). This option considers the branch as
a Viscojet,23 which is a specific type of flow resistance with relatively large flow passages with very
high pressure drops. The flow rate through the Viscojet is given by:

v,
w=10,000 kvLi,/ApS (1-x) , (58)
Q

where w is the flow rate in Ibm/hr, L, is the resistance of the fluid device, k, is an empirical factor,
and Vfis the viscosity correction factor.
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For this option, K, can be expressed as:

2
L
‘ S I{/fkv(l—x)

3.1.7.18 Control Valve (Branch Option 18). This is an exclusively transient option that consid-
ers the branch as a control valve that monitors the pressure at some arbitrary point downstream of
the valve and opens and closes to maintain that pressure within a prescribed tolerance. This option
was originally developed for use with the pressurization option to model on/off, or ‘bang-bang,’ pres-
surization systems as shown in figure 34. The valve is regarded as a flow restriction with a given flow
coefficient (C;) and area (A4), and uses equation (24) to calculate K for the valve.

Propellant

'

Figure 34. Control valve in a pressurization system.
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The remaining inputs for the control valve option define its open/close characteristics. The
suboption determines the type of open/close response of the valve (instantaneous, linear, or nonlin-
ear) and the valve initial position describes whether the valve is initially open or closed. The control
node defines the location in the model where the control valve option is to monitor and maintain the
pressure while the pressure tolerance file name provides the code with the name of the file containing
the pressure tolerance data for the control valve.

For a linear open/close response, the time to open/close and the number of time steps needed
to complete that response are provided as additional inputs. If the length of the valve open/close
time steps does not match the global time step, the program will temporarily change the global time
step until the valve has fully opened/closed. The area of the valve will be linearly interpolated at each
time step.

Finally, for a nonlinear open/close response, the file names for the open and close characteris-
tics of the valve are required as additional inputs. The files detail the valve C; and area as functions

of time from the start of valve opening/closing.

3.1.7.19 User-Defined Resistance (Branch Option 19). This option allows users to create
a new resistance option that is not available in the GFSSP library. Once this option is chosen, the
user is required to supply the coding for calculating Ky for this option in the User Subroutine to
be described in the following section. In the preprocessor, the user is required to supply the cross-
sectional area of the branch.

3.1.7.20 Heat Exchanger Core (Branch Option 20). This option considers the branch as
a heat exchanger core. In a typical heat exchanger core (fig. 35), the fluid goes past a tube bank to
allow heat transfer between fluids in the main duct and fluids within the tubes. The free flow area is
reduced and there is a larger surface area of contact between the fluid and solid walls. Sections 1 and
2 in figure 35 represent inlet and outlet of the heat exchanger core, respectively. The pressure drop
through the heat exchanger core can be expressed as:24

2

Ap=—||K +1-0|+2| =-1 |+ f 22 -|l-0"-K |=|, (60)
2gc II:( ‘ ) [vl ] Ac "1 ( e)

where G(z %) is the mass flux.

"

Figure 35. Heat exchanger core.
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Equation (60) can be rewritten as:

A
Ap=— L 2{(KC+1—0'2)+2(ﬂ—1]+fA—sA—(I—GZ_K(;)&}MZ- (61)
2p, 8, A; P2 ¢ Pave P

Therefore, Ky can be expressed as:

(KC+1—02)+2[2—1]+]‘2;%_(1_62_1(6)/01

K, = e : (62)
A 2
2p1gcAc

3.1.7.21 Parallel Tube (Branch Option 21). This option considers the branch as a parallel
tube where fluid flows through n number of tubes (fig. 36). The flow is assumed to be distributed
uniformly in all tubes. This resistance option calculates the pressure drop in the parallel tube. For this
option, Kcan be expressed as:

8 L
Kp=——575—5 . (63)

215 2
p, "D g.n

Figure 36. Parallel tube.

3.1.7.22 Compressible Orifice (Branch Option 22). This option considers the branch as an
orifice for compressible flow. In this option, unlike other options, flow rate is calculated from a sim-
plified momentum equation (eq. (3c)). There is no need to calculate Ky for this option. The input to
this option is identical to option 2 (flow-through restriction).

3.1.7.23 Labyrinth Seal/Egli Correlation (Branch Option 23). This option provides an alter-
native formulation of flow resistances through the labyrinth seal (branch option 11). Egli developed
a formulation of flow-through labyrinth seal based on the actual flow characteristics typical for
a sharp-edged orifice.2> Based on the general relations between leakage and number of throttling
passages, flow resistance was calculated. The formulation also considered the effect of kinetic energy
being carried from one throttling into the next. The input parameters (fig. 32) for this option are
inner radius, clearance, pitch, number of teeth, and tooth tip width.
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3.1.7.24 Fixed Flow (Branch Option 24). This option fixes flow rate in a given branch. The
fixed flow branch can only be located adjacent to a boundary node. With this new option, the user
can prescribe either pressure or flow rate as a boundary condition.

The fixed flow rate option has been implemented by introducing pump characteristics (fig. 37)
of a positive displacement pump.

\
Pump Characteristics Pump Characteristics __,.
Ap Ap Operating Point
Operating Point
~
System Characteristics .
System Characteristics
@ i’ (6 i’

Figure 37. Implementation of fixed flow rate in a branch using pump characteristics:
(a) Centrifugal pump and (b) positive displacement pump.

The pump characteristics of a positive displacement pump are expressed as: Ap = A+ Crit|m),
where A=« r|ril; C=—a, where o= 1x1025. Substituting 4 and C, one gets 1 = n|r|/ rir .

There is a word of caution about the use of this option. The calculated pressure field may not
be realistic as flow rate 1s calculated independent of pressure differential.

3.2 Solution Procedure

GFSSP numerically solves the governing equations described in the previous section to com-
pute pressure, temperature, flow rate, and other fluid properties in a given flow circuit. The math-
ematical closure is described in table 8 where each variable and the designated governing equation to
solve that variable are listed. It may be noted that the pressure is calculated from the mass conserva-
tion equation although pressure does not explicitly appear in equation (1). This is, however, possible
in the iterative scheme where pressures are corrected to reduce the residual error in mass conser-
vation equation. This practice was first implemented in a semi-implicit pressure linked equation
(SIMPLE) algorithm proposed by Patankar and Spalding?® and commonly referred to as ‘pressure
based’ algorithm in computational fluid dynamics literature. The momentum conservation equation
(eq. (2)) which contains both pressure and flow rate is solved to calculate the flow rate. The strong
coupling of pressure and flow rate requires that mass and momentum conservation equations are
solved simultaneously.
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Table 8. Mathematical closure.

Variable Variable Designated Equation
Number Name to Solve the Variable
1 Pressure Mass conservation
2 Flow rate Momentum conservation
3 Fluid enthalpy or entropy | Energy conservation of fluid
4 Solid temperature Energy conservation of solid
5 Species concentration Species conservation
6 Fluid mass Thermodynamic state

The energy conservation equation can either be expressed in terms of enthalpy or entropy.
The temperature, density, and other thermophysical properties, such as viscosity, conductivity, and
specific heats are computed from pressure and enthalpy or entropy using thermodynamic property
programs, GASP!9/WASP!! or GASPAK.!2 In flow circuits where solid to fluid heat transfer is pres-
ent, the energy conservation equation for solids is solved to calculate the solid temperature. The rate
of heat transfer between solid to fluid appears as a source or sink term in the energy conservation
equations of fluid and solid.

For a mixture, the conservation equations of species are solved to compute the mass fraction
of species. There are three options for solving the energy equation for a mixture as discussed in sec-
tion 3.1.3.2. The method of calculating thermodynamic and thermophysical peoperties of all three
options has been described in section 3.1.6.

For a transient problem, fluid mass is required in mass and momentum conservation equa-
tions (egs. (1) and (2)). GFSSP uses the thermodynamic equation of state (eq. (10)) to calcu-
late resident mass in an internal node where density, compressibility factor, and temperature are
computed.

There are two types of numerical methods available to solve a set of nonlinear coupled
algebraic equations: the successive substitution method and the Newton-Raphson method. In the
successive substitution method, each equation is expressed explicitly to calculate one variable. The
previously calculated variable is then substituted into the other equations to calculate another vari-
able. In one iterative cycle, each equation is visited. The iterative cycle is continued until the differ-
ence in the values of the variables in successive iterations becomes negligible. The advantages of the
successive substitution method are its simplicity to program and its low code overhead. The main
limitation, however, is finding an optimum order for visiting each equation in the model. This visit-
ing order, which is called the information flow diagram, is crucial for convergence. Under-relaxation
(partial substitution) of variables is often required to obtain numerical stability. Details of the
suc-cessive substitution method appear inappendix B.

In the Newton-Raphson method, the simultaneous solution of a set of nonlinear equations
is achieved through an iterative guess and correction procedure. Instead of solving for the variables
directly, correction equations are constructed for all of the variables. The intent of the correction
equations is to eliminate the error in each equation. The correction equations are constructed in two
steps: (1) The residual errors in all of the equations are estimated and (2) the partial derivatives of
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all of the equations, with respect to each variable, are calculated. The correction equations are then
solved by the Gaussian elimination method. These corrections are then applied to each variable,
which completes one iteration cycle. These iterative cycles of calculations are repeated until the resid-
ual error in all of the equations is reduced to a specified limit. The Newton-Raphson method does
not require an information flow diagram; therefore, it has improved convergence characteristics. The
main limitation to the Newton-Raphson method is its requirement for a large amount of
computer memory. Details of the Newton-Raphson method appear in appendix C.

In GFSSP, a combination of the successive substitution method and the Newton-Raphson
method is used to solve the set of equations. This method is called SASS (simultaneous adjustment
with successive substitution) (fig. 38). In this scheme, the mass and momentum conservation equa-
tions are solved by the Newton-Raphson method. The energy and specie conservation equations are
solved by the successive substitution method. The underlying principle for making such a division
was that the equations that are more strongly coupled are solved by the Newton-Raphson method.
The equations that are not strongly coupled with the other set of equations are solved by the suc-
cessive substitution method. Thus, the computer memory requirement can be significantly reduced
while maintaining superior numerical convergence characteristics.

Iteration Loop Governing Equations Variables
\ —| Mass Conservation Pressure
Simultaneous | Flow Rate

I Momentum Conservation

—| Equation of State
Y

Successive —| Energy Conservation of Fluid

Solution

Enthalpy

|
|
Resident Mass |
|
|

L LLT]

Substituti , -
ubstition _| Energy Conservation of Solid Solid Temperature
Y
. Temperature, Density,
Property Thermodynamic Property Compressibility, Factor
Calculation Program RO
Viscosity, etc.
Y
Convergence
Check

]

Figure 38. SASS scheme for solving governing equations.
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SASS has two options available. In one option, there are two iterative loops—inner and outer.
In the inner iterative loop, mass and momentum conservation equations are solved by the Newton-
Raphson scheme. For unsteady formulation, the equation of state is also solved by the Newton-
Raphson scheme in addition to mass and momentum conservation equations. In the outer loop,
the energy and specie conservation equations are solved by the successive substitution method. The
outer loop also calculates the density and other thermodynamic and thermophysical properties and
the flow resistance coefficient (Kf) which is a function of density. This option is called the nonsimul-
taneous option. The total number of iterations in this option can be expressed as:

n()
N, total = Zni > (64)
i=1

where 7, is the number of outer iterations and #; is the number of inner iterations. The inner iterative
cycle is terminated when the normalized maximum correction (A . ) is less than the convergence
criterion (C,). A, 18 determined from

max
max

E

where

Ny = the total number of equations solved by the Newton-Raphson scheme (N = number
of nodes + number of branches (steady flow)

Ny = number of nodes x 2 + number of branches (unsteady flow).

The outer iteration is terminated when Afnax is less than the convergence criterion (C,).
A?  is determined from

max
A :MAX‘AKf,Ap,Ah, (66)
where
Y K]
= MAX 2—
Ny p,
A, =MAX 2 "
i=1
Ny %
A, =MAX|Y ~
i=1
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Ny
N
A =MAX|Y = . (67)

i=1 %
Np and N are the number of branches and nodes, respectively, in a flow circuit.

In the second option, there is only one iterative loop. During the iterative cycle mass,
momentum and the equation of state are first solved by the Newton-Raphson scheme. Then
the energy and specie conservation equations are solved by the successive substitution method.
The iterative cycle is terminated when the normalized maximum correction (A .. ) is less than
the convergence criterion (C,).

max

This option is called the simultaneous option and is more efficient than the nonsimultane-
ous option. The nonsimultaneous option, however, is more numerically stable. With the help of
a logical variable, SIMUL, the user can switch between the first and second options. More detailed
discussion of both options appears in section 4.
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4. COMPUTER PROGRAM

The purpose of this section is to describe the structure and major functions of the program.

The main objective of the computer program is to implement the numerical algorithm described in
section 3 in a way which is easy to follow, modular to allow for future extension, robust, and free of
errors. There are seven major functions of the computer program:

(1) Development of a flow circuit with fluid and solid nodes with branches and conductors.

(2) Development of an indexing system or data structure to define a network of fluid
and solid nodes with branches and conductors.

(3) Generation of conservation equations of fluid mass, momentum, energy, species, and
solid temperatures in respective nodes and branches.

(4) Calculation of thermodynamic and thermophysical properties of the fluid and solid
in nodes.

(5) Numerical solution of conservation equations.

(6) Input/output.

(7) User-defined modules.

GFSSP consists of three major modules: Graphical User Interface (GUI module), Solver and

Property (SP) module, and User Subroutine (US) module (fig. 39). Functions (1) and (6) are done
in the GUI module, functions (2) through (6) are done in the SP module, and function (7) is done in
the US module. A distinct boundary is maintained among the GUI, SP, and US modules. The GUI
and US modules supply the information to the SP module through an input data file and User Sub-
routines. The SP module returns an output data file and plot files for graphical and text display of
results. The maintenance of a strict boundary among the three modules is a key feature of GFSSP
that makes the code easy to use, maintain, and upgrade. Users are not required to know the details
of the computational method to become a proficient user of the code. The modularity also helps the
developer to add new capabilities with minimum impact to the existing code. This section describes
the SP and US modules. The GUI module is described in section 5.
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Solver and
Graphical User Property Module User
Interface Subroutines
(VTASC) + Equation Generator
»| * Equation Solver -
Input Data * Fluid Property New
File Physics
+ Time-Dependent Process
) + Nonlinear Boundary Condition

+ Creates Flow Circuit * External Source
* Runs GFSSP - Output Data File + Customized Output
+ Displays Results + New Resistance/Fluid Option

Figure 39. GFSSP process flow diagram showing interaction among three modules.

4.1 Process Flow Diagram

Figure 39 shows GFSSP’s process flow diagram to describe the interaction among GUI, SP,
and US modules. Users create a flow circuit in the GUI, visual thermofluid analyzer for system and
components (VTASC) by a ‘point, drag, and click’ method. VTASC creates an input data file that
1s read by the SP module. The user runs the SP module from VTASC, which also reads the output
data file generated by the SP module to display the results in the GUI. The VTASC also allows users
to plot time-dependent results in Winplot.!3 Specialized input to the model can be supplied through
User Subroutines that also interact with the SP module. Such specialized input includes time-
dependent processes, nonlinear boundary conditions, and external mass, momentum, and energy
sources, customized output, and new resistance and fluid options.

4.2 Solver and Property Module

The main routine and the associated set of subroutines perform seven major functions that
include:

(1) Reading of the input data file generated by VTASC, GFSSP’s graphical user interface.
(2) Generation of the trial solution based on the initial guess.

(3) Supply time-dependent boundary conditions for unsteady flow.

(4) Numerical solution of conservation equations by the SASS scheme.

(5) Interaction with thermodynamic property programs to calculate properties at nodes.
(6) Calculation of flow resistances in the branches.

(7) Create text output and plot files.

The flow charts of the SP module for nonsimultaneous and simultaneous schemes are shown
in figures 40 and 41, respectively.
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Figure 40. Flowchart of nonsimultaneous solution algorithm in SP module.
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Figure 41. Flowchart of simultaneous solution algorithm in SP module.
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4.2.1 Nonsimultaneous Solution Scheme

The flow chart of nonsimultaneous solution algorithm is shown in figure 40. In this scheme,
there are two iteration cycles—inner and outer. In the inner iteration cycle, the mass and momentum
conservation equation and resident equation of state are solved by the Newton-Raphson scheme
until convergence. During this iteration cycle, property and resistance coefficients are not updated.
In the outer iteration cycle, the energy and concentration equations are solved and density and resis-
tance coefficients are updated and a new set of Newton-Raphson iteration is started. The outer
iteration loop is repeated until the fractional change in density, resistance coefficient, and enthalpy
1s negligible.

The subroutine READIN reads the input data file. The subroutine INIT generates a trial
solution by interacting with the thermodynamic property codes GASP, WASP, and GASPAK, or
the property tables. Subroutine BOUND reads any applicable time-dependent boundary conditions
from the model history files. Subroutine NEWTON conducts the Newton-Raphson solution of the
mass conservation, flow rate, and energy conservation equations with the help of the subroutines
EQNS, COEF, SOLVE, and UPDATE. The subroutine EQNS generates the equations. The coeffi-
cients of the correction equations are calculated in COEF. The correction equations are solved by the
Gaussian Elimination method in SOLVE. After applying the corrections, the variables are updated
in subroutine UPDATE. This cycle of calculations is repeated until the corrections are negligible.
The energy conservation equation is then solved in subroutine ENTHALPY or ENTROPY by the
successive substitution scheme. For problems involving fluid mixture subroutine, MASSC is called to
solve species conservation equations. For conjugate heat transfer problems, the energy conservation
equations for solid nodes are solved in subroutine TSOLID or TSOLIDNR. The resistance for each
branch is calculated in RESIST following the calculation of fluid densities at each node in the sub-
routine DENSITY. The flow resistance coefficients (Kf) for each branch are computed in subroutines
KFACTI through KFACT?24 depending upon the resistance option selected for a particular branch.
The convergence of the numerical scheme is checked to determine if the cycle of calculation needs to
be repeated. The solver module also calls 25 User Subroutines from various subroutines as described
in section 4.3.

4.2.2 Simultaneous Solution Scheme

The flowchart of the simultaneous solution algorithm is shown in figure 41. The function-
ality of subroutine READIN, INIT, and BOUND is identical to the nonsimultaneous scheme. In
this scheme, there is only one iteration loop. The enthalpy (or entropy), concentrations, density, and
resistance coefficient are updated in each Newton-Raphson iteration. Therefore, in each Newton-
Raphson iteration, subroutine ENTHALPY or ENTROPY, MASSC, TSOLID or TSOLIDNR,
RESIST, and DENSITY are called to compute and update all variables. The iteration loop is con-
trolled in subroutine NEWTON. The interaction of the SP and US modules is identical to the non-
simultaneous scheme.
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4.2.3 Conjugate Heat Transfer

GFSSP can model solid to fluid heat transfer which is commonly known as conjugate heat
transfer. There are two solution options for solving the conservation equation for solid nodes: suc-
cessive substitution and Newton-Raphson. The successive substitution scheme is implemented in
subroutine TSOLID and the flowchart of the subroutine is shown in figure 42. Subroutine TSOLID
calls STCOND, CONVHC, RADHCF, RADHCSA, RADHCSSR, and SLDCP to estimate dif-
ferent terms of the conservation equation. STCOND determines the thermal conductivity from the
property tablee CONVHC determines the heat transfer coefficient from GFSSP’s built-in correla-
tion. CONVHC also calls subroutine USRHCEF to allow the user to provide a problem-specific heat
transfer coefficient. RADHCF, RADHCSA, and RADHCSSR are three subroutines called from
TSOLID to compute radiation heat transfer from solid to fluid, solid to ambient, and solid to solid,
respectively. SLDCP determines the specific heat from the property table for computing the transient
term. Subroutine QDOTSSCR calculates solid to solid conduction and radiation heat transfer.

Subroutine TSOLID
STCOND
Solid to solid heat transfer - > Conductivity of solid
Solid to fluid heat transfer < - CONVHC
. Solid to fluid heat transfer coefficient
Convection
Radiation
. . - > RADHCF
Solid to ambient Solid to fluid radiation heat transfer coefficient
heat transfer
Solid to solid radiati
olid to solid radiation RADHCSA
heat transfer - > , . o .
Solid to ambient radiation heat transfer coefficient
Transient term
Calculate solid temperature - - RADHCSSR
by successive substitution Solid to solid radiation heat transfer
method
Check for - > S 'f'SLhDCtP ¢ solid
convergence pecific heat of soli
S:rll((:imc?tti?): (:;ddt?azci)zlllt?on heat [ > QDOTSSCR
u Solid to solid conduction and radiation heat transfer

Figure 42. Solid temperature calculation by successive substitution method.
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The Newton-Raphson scheme is implemented in subroutine TSOLIDNR. The flowchart
of this subroutine is shown in figure 43. TSEQNS, TSCOEF, and GAUSSY are three subroutines
that perform the major functions of the Newton-Raphson scheme. The residuals are calculated in
TSEQNS. The flowchart of subroutine TSEQNS is shown in figure 44. TSCOEF calculates the coef-
ficient matrix. The correction equations are solved in GAUSSY. After convergence of the numerical
scheme, subroutine QDOTSSCR calculates solid to solid conduction and radiation heat transfer.

Subroutine TSOLIDNR

Calculate residuals TSEQNS
of conservation equations

A
Y

Constructs coefficient matrix | o TSCOEF
of correction equation

Solves the correction equation  [® > GAUSSY
by Gaussian elimination method

Calculate new temperature
by applying correction

Check for convergence

Calculate solid to solid QDOTSSCR
conduction and radiation - »|  Solid to solid conduction
heat transfer and radiation heat transfer

Figure 43. Solid temperature calculation by Newton-Raphson method.

Subroutine TSEQNS

. SLDCP
Transient term - > Specific heat of solid
Solid to solid heat _ o STCOND

transfer Conductivity of solid

Solid to fluid heat
transfer CONVHC
Solid to fluid heat transfer coefficient

A
Y

Convection
- RADHCF
R - >
adiation Solid to fluid radiation heat transfer coefficient

Solid to ambient heat - > RADHCSA
transfer Solid to ambient radiation heat transfer coefficient
Solid to solid radiation A o RADHCSSR
heat transfer - o Solid to solid radiation heat transfer

Figure 44. Calculation of residuals of energy conservation equation for Newton-Raphson method.
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4.2.4 Thermodynamic Property Package

The thermodynamic property packages included in GFSSP consist of three separate pro-
grams: GASP,10 WASP,!! and GASPAK !2; it also includes tabulated data for RP-1. The GASP and
WASP programs consist of a number of subroutines. GASP provides the thermodynamic properties
for 10 fluids: helium, methane, neon, nitrogen, carbon monoxide, oxygen, argon, carbon dioxide,
fluorine, and hydrogen. WASP provides the thermodynamic properties of water. RP-1 properties are
provided in the form of tables. Subroutine RP1 searches for the required property values from these
tables. GASPAK provides thermodynamic properties for helium, methane, neon, nitrogen, carbon
monoxide, oxygen, argon, carbon dioxide, hydrogen, parahydrogen, water, isobutane, butane, deute-
rium, ethane, ethylene, hydrogen sulfide, krypton, propane, xenon, R-11, R-12, R-22, R-32, R-123,
R-124, R-125, R-134A, R-152A, nitrogen trifluoride, and ammonia.

The thermodynamic property subroutines are called from two GFSSP subroutines: INIT and
DENSITY. In subroutine INIT, enthalpies and densities are computed from given pressures and
temperatures at the boundary and internal nodes. In subroutine DENSITY, density, temperatures,
specific heats, and specific heat ratios are calculated from given pressures and enthalpies at each
node.

4.3 User Subroutines

Experienced users have the ability to introduce additional capability into the code through User
Subroutines. Twenty-three User Subroutines are called from various locations of the solver module.
The caller and called subroutines are shown in figure 45. All necessary GFSSP variables are available
through COMMON BLOCK and subroutine arguments. Users can develop many additional capa-
bilities by developing their own code in User Subroutines. These may include the following:

(1) Heat or mass transfer model in any node of a circuit.

(2) External forces applied on the fluid in any branch of the circuit. Users also have the abil-
ity to modify the existing formulation of various forces already existing in the code.

(3) Variable time step, geometry, and boundary conditions for a time-dependent problem.

(4) New resistance or fluid options.

(5) Develop customized output and/or plot file.

Appropriate use of User Subroutines requires some familiarity with GFSSP variables
and indexing practice. Common block variables are explained in appendix D. GFSSP indexing
practice and User Subroutines are explained in the following sections. The use of User
Subroutines has also been demonstrated in example 10.
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TSOLID/TSOLIDNR
Solves energy equation of solid
by successive
substitution/Newton-Raphson

SORCEC
Allows user to provide an external species source

L]

SORCETS
Allows user to provide an external heat source to solid node

CONVHC
Calculates convective heat
transfer between solid and fluid

USRHCF
Allows user to provide heat transfer coefficient

RESIST
Calculates flow resistance

KFUSER/KFADJUST
Allows user to define/adjust new resistance options

DENSITY
Calculates fluid properties

PRPUSER/PRPADJUST
Allows user to define new fluid properties and adjust

PRINT
Generates the output file

PRNUSER
Allows user to provide any additional output file(s)
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4.3.1 Indexing Practice

Users who will be using User Subroutines to add new features into the code need to under-
stand the indexing practice. In order to develop the coding to incorporate new features, users need to
access different variables at nodes and branches. All variables are stored in one-dimensional arrays.
The description of all node variables appears in sections 2 and 3 of appendix D. Section 4 describes
all branch variables.

4.3.1.1 Fluid Node. User-defined fluid node names are stored in NODE-array. NODE-
array includes both internal and boundary nodes. The total number of elements in NODE-array is
NNODES, which represents the total number of nodes in a given model. Subroutine INDEXI finds
the address location for a given node.

SUBROUTINE INDEXI (NUMBER, NODE, NNODES, IPN)

Input variables:
NUMBER: Node Number
NODE: Array for storing Node
NNODES: Number of Nodes

Output variable:
IPN: Location of Node in Array (Pointer)

4.3.1.2 Branch. User-defined branch numbers are stored in IBRANCH-array. The total
number of elements in the IBRANCH-array is NBR, which represents the total number of branches
in a given model. Subroutine INDEXI is also used to find the address location for a given branch.

SUBROUTINE INDEXI (NUMBER, IBRANCH, NBR, IB)

Input variables:
NUMBER: Branch Number
IBRANCH: Array for storing Branch Number
NBR: Number of Branches

Output variable:
IB: Location of Branch in Array (Pointer)
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4.3.1.3 Solid Node. User-defined solid node numbers are stored in NODESL-array. The total
number of elements in the NODESL-array is NSOLIDX, which represents the total number of solid
nodes in a given model. Subroutine INDEXS finds the address location for a given solid node.

SUBROUTINE INDEXS (NUMBER, NODESL, NSOLIDX, IPSN)

Input variables:
NUMBER: Solid Node Number
NODESL: Array for storing Solid Node Number
NSOLIDX: Number of Solid Nodes

Output variable:
IPSN: Location of Solid Node in Array (Pointer)

4.3.1.4 Ambient Node. User-defined ambient node numbers are stored in NODEAM-array.
The total number of elements in the NODEAM-array is NAMB, which represents the total number
of ambient nodes in a given model. Subroutine INDEXA finds the address location for a given ambi-
ent node.

SUBROUTINE INDEXA (NUMBER, NODEAM, NAMB, IPAN)

Input variables:
NUMBER: Ambient Node Number
NODEAM: Array for storing Ambient Node Number
NAMB: Number of Ambient Nodes

Output variable:
IPAN: Location of Ambient Node in Array (Pointer)

4.3.1.5 Solid to Solid Conductor. User-defined solid to solid conductor numbers are stored
in an ICONSS-array. The total number of elements in the ICONSS-array is NSSC, which represents
the total number of solid to solid conductors in a given model. Subroutine INDEXSSC finds the
address location for a given solid to solid conductor.

SUBROUTINE INDEXSSC (NUMBER, ICONSS, NSSC, ICSS)

Input variables:
NUMBER: Solid to Solid Conductor Number
ICONSS: Array for storing Solid to Solid Conductor Number
NSSC: Number of Solid to Solid Conductors

Output variable:
ICSS: Location of Solid to Solid Conductor in Array (Pointer)
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4.3.1.6 Solid to Fluid Conductor. User-defined solid to fluid conductor numbers are stored in
ICONSF-array. The total number of elements in the ICONSF-array is NSFC, which represents the
total number of solid to fluid conductors in a given model. Subroutine INDEXSFC finds the address
location for a given solid to fluid conductor.

SUBROUTINE INDEXSFC (NUMBER, ICONSF, NSFC, ICSF)

Input variables:
NUMBER: Solid to Fluid Conductor Number
ICONSF: Array for storing Solid to Fluid Conductor Number
NSFC: Number of Solid to Fluid Conductors

Output variable:
ICSF: Location of Solid to Fluid Conductor in Array (Pointer)

4.3.1.7 Solid to Ambient Conductor. User-defined solid to ambient conductor numbers are
stored in an ICONSA-array. The total number of elements in the ICONSA-array is NSAC, which
represents the total number of solid to ambient conductors in a given model. Subroutine INDEXSAC
finds the address location for a given solid to ambient conductor.

SUBROUTINE INDEXSAC (NUMBER, ICONSA, NSAC, ICSA)

Input variables:
NUMBER: Solid to Ambient Conductor Number
ICONSA: Array for storing Solid to Ambient Conductor Number
NSAC: Number of Solid to Ambient Conductors

Output variable:
ICSA: Location of Solid to Ambient Conductor in Array (Pointer)

4.3.1.8 Solid to Ambient Conductor. User-defined solid to solid radiation conductor numbers
are stored in the ICONSSR-array. The total number of elements in the [CONSSR-array is NSSR,
which represents the total number of solid to solid conductors in a given model. Subroutine INDEX-
SAC finds the address location for a given solid to ambient conductor.

SUBROUTINE INDEXSSRC (NUMBER, ICONSSR, NSSR, ICSSR)

Input variables:
NUMBER: Solid to Solid Radiation Conductor Number
ICONSSR: Array for storing Solid to Solid Radiation Conductor Number
NSSR: Number of Solid to Solid Radiation Conductors

Output Variable:
ICSSR: Location of Solid to Solid Radiation Conductor in Array (Pointer)
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4.3.2 Description of User Subroutines

Additional capabilities can be added to the code by the utilization of User Subroutines.
Twenty-three blank subroutines are provided with a common block of variables. These subroutines
are called from various locations in the SP module as shown in figure 45. A few subroutines also pass
pertinent local variables through arguments. Users can develop their code to add new capabilities
through use of these variables. A short description of each subroutine is now provided.
A descrip-tion of all common block variables appears in appendix D and listing of blank User
Subroutines are provided in appendix E.

4.3.2.1 Subroutine FILNUM. This subroutine is called from the main program at the begin-
ning of computation to assign file numbers to integer names. All file numbers are assigned integer
variable names in the MAIN routine of GFSSP. All file numbers are listed in this subroutine for users
to make them aware what file numbers are already in use. It also includes 10 additional file numbers
for possible use in User Subroutines. Users need to make sure they do not use the existing file numbers.

4.3.2.2 Subroutine USRINT. This subroutine is called from subroutine INIT. This allows the
user to assign different initial values and steady state boundary conditions and overwrite the values
assigned in subroutine INIT.

4.3.2.3 Subroutine SORCEM. This subroutine is called from Subroutine EQNS. It has two
arguments:

IPN — Address location of node
TERMU - Transient term of mass conservation equation.

In this subroutine, users can define any additional mass sources, EMS (IPN), at any internal
node. An alternative form of the transient term in the mass conservation equation (eq. (1)) can be
used by overwriting the existing TERMU.

4.3.2.4 Subroutine SORCEF. This subroutine is called from subroutine EQNS. This sub-
routine allows users the ability to redefine each term in the momentum equation and provides an
opportunity to add external momentum sources to any branch. It has 13 arguments:

I — Address location of branch

TERMO — Unsteady term in momentum conservation equation
TERMI1 — Longitudinal inertia

TERM2 — Pressure gradient

TERM3 — Gravity force

TERM4 — Friction force

TERMS — Centrifugal force

TERMG6 — External momentum source due to pump

TERM7 — Momentum source due to transverse flow (multidimensional model)
TERMS& — Momentum source due to shear (multidimensional model)
TERM - Variable geometry unsteady term

TERM10 — Normal stress

TERMI100 — User-supplied momentum source
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The first argument is the address location of the branch. The other 12 arguments represent
the various terms of the momentum equation. The algebraic form of each term is described in equa-
tion (2). However, GFSSP’s Newton-Raphson scheme solves the equation in the following form:

F(xl,xz,x3,...xnl)=0. (63)

The momentum equation in subroutine EQNS, therefore, appears as:

TERMO + TERM1 - TERM2 - TERM3 + TERM4 - TERMS — TERM6
+ TERM7 - TERM8 + TERM9 - TERM10 - TERM100 = 0. (69)

4.3.2.5 Subroutine SORCEQ. This subroutine is called from subroutine ENTHALPY (if
SECONDL is false) or from subroutine ENTROPY (if SECONDL is true). It has two arguments:

IPN — Address location of node
TERMD —Component of linearized source term appearing in the denominator of the enthalpy
or entropy equation.

This subroutine allows the user to introduce a heat source or sink at any internal node. In
numerical calculation it is often necessary to linearize the heat source to ensure numerical stability.
Suppose one needs to account for heat transfer from the wall at a given temperature (say 7, ) to
the fluid at 7' in the energy conservation equation. The additional heat source can be expressed as:

Qyant = HA(T wan = TF) - (70)

In a linearized formulation of the energy conservation equation, h.A4T,,; appears in the
numerator and /,.A4/ C, appears in the denominator of the equation as shown below:

j=n
Y ajh;+h AT,y
hi= ]jl:n
,-zzlaj +hAIC,

(71)

Example of coding:

SORCEH(IPN) = HC*HAREA*TWALL
TERMD = HC*HAREA/CPNODE (IPN)

where

HC = heat transfer coefficient (Btu/ft?-s-R)

HAREA = heat transfer area (ft2)

TWALL = wall temperature (°R)

CPNODE(IPN) = specific heat of fluid at IPN (Btu/Ib,—R).

An example of adding a heat source is shown in example 8§ in section 6.
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4.3.2.6 Subroutine SORCEC. This subroutine is called from subroutine MASSC. This sub-
routine allows users to introduce a source or sink of species at any internal node. An example of uses
of this subroutine appears in example 10 of section 5.

4.3.2.7 Subroutine SORCETS. This subroutine is called from subroutine TSOLID or TSOL-
IDNR depending upon whether the energy conservation equation for solid is solved by successive
substitution or the Newton-Raphson method. This subroutine allows users to introduce heat source
or sink at any solid node.

4.3.2.8. Subroutine KFUSER. This subroutine is called from subroutine RESIST. In this
subroutine, users can introduce a new resistance option in any branch. It has nine arguments:

I — Address location of branch

RHOU - Upstream node density

EMUU - Upstream node viscosity

RHOUL - Upstream node liquid density

EMUL — Upstream node liquid viscosity

RHOUYV - Upstream node vapor density

EMUUYV - Upstream node vapor viscosity

ISATU - Flag set to 1 if node is saturated with liquid/vapor mixture
AKNEW — K for the branch in consideration.

Users must provide all input data to calculate K for the branch in this subroutine.

4.3.2.9 Subroutine PRPUSER. This subroutine will be used when users want to integrate
a separate thermodynamic property package instead of built-in thermodynamic property packages,
GASP, WASP, and GASPAK.

4.3.2.10 Subroutine TSTEP. This subroutine is called from the main program at the start of
each time step. In this subroutine the user has the opportunity to overwrite and prescribe a new time
step.

4.3.2.11 Subroutine BNDUSER. This subroutine is called from subroutine BOUND. In this
subroutine users can modify boundary conditions and geometry at each time step for an unsteady
model. This subroutine must be used when users want to integrate a separate thermodynamic prop-
erty package instead of the built-in thermodynamic property packages, GASP and WASP. In an
unsteady model, boundary conditions are specified at each time step. The thermodynamic properties
at the boundary node must be calculated at the start of a new time step. Example 8 in section 6 dem-
onstrates the use of this subroutine.

In order to modify the geometry, users can make use of six allocated arrays (BRPR1 through

BRPRO6) that store the branch parameters for all resistance options. Table 9 describes the allocation
of branch parameters of all resistance options to these six arrays.
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Table 9. Description of branch parameters for all resistance options.

Return to Menu

Branch Option BRPR1 BRPR2 BRPR3 BRPR4 BRPR5 BRPR6
Pipe Length Diameter elD
Restriction C
Noncircular duct Length Height Width Type (1-4)
Pipe with entrance Length Diameter &b Ki; Kq
and exit losses
Thin, sharp orifice D, D,
Thick orifice Length D, D,
Square reduction D, D,
Square expansion D, D,
Rotating annular duct Length Iy g rpm
Rotating radial duct Length Diameter rpm
Laby seal Radius Clearance, ¢ Pitch, m Number of teeth, n Multiplier, o
Parallel plates Radius Clearance, ¢ Length
(face seal)
Fittings and valves Diameter K; K.,
Pump characteristics Ay B, Cy
Pump Hp Power, P Efficiency, n
Valve with C, C,
Viscojet Lo Vs k,
Control valve C, Control node
User-defined User-defined User-defined User-defined User-defined User-defined User-defined
Heat exchanger Frontal area Free-flow area | Heat transfer area Coefficient Coefficient Length
core of control of Exp.
Parallel tubes Length Diameter elD Number of tubes, n
Compressible C
orifice
Laby seal, Egli Radius No. of teeth Tooth width Pitch Clearance
correlation
Fixed flow Flow rate

4.3.2.12 Subroutine PRNUSER. This subroutine is called from subroutine PRINT. In this

subroutine users can add additional information in GFSSP output files or can create new output files.

4.3.2.13 Subroutine USRSET. This subroutine is called from subroutine READIN if
USETUP is set to true. This subroutine allows users to set up their own model instead of using
the GFSSP preprocessors. When this option is activated, GFSSP reads the title, input, and out-
put filenames from the data file. The user must provide other necessary information for the model.
Only experienced users may have a need to use this subroutine.
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4.3.2.14 Subroutine USRHCEF. This subroutine is called from subroutine CONVHC. It has
two arguments:

NUMBER — Address location of solid to fluid conductor
HCF — Heat transfer coefficient in Btu/s-ft2-°R.

This subroutine allows users to calculate heat transfer coefficient by a correlation provided by the
user to overwrite the heat transfer coefficient calculated by GFSSP’s solver module.

4.3.2.15 Subroutine USRADJUST. This subroutine is called from MAIN. Users can adjust
the boundary condition and introduce additional iterative cycle to achieve any desired design goal.

4.3.2.16 Subroutine SORCEHXQ. This subroutine is called from subroutine ENTHALPYX,
which solves the energy equation for individual species (enthalpy-2 option for mixture, sec. 3.1.3.2).
It has three arguments:

IPN — Address location of node

TERMD — Component of linearized source term appearing in the denominator of the species
enthalpy equation

K — Index of the fluid species in the mixture.

This subroutine allows the user to introduce a heat source or sink at any internal node for a given
species. The use of TERMD has been explained in the context of subroutine SORCEQ.

4.3.2.17 Subroutine KFADJUST. This subroutine is called from subroutine RESIST to allow
users to modify the K value of a particular branch. It has nine arguments:

I — Address location of branch

RHOU - Upstream node density

EMUU - Upstream node viscosity

RHOUL - Upstream node liquid density

EMUL — Upstream node liquid viscosity

RHOUYV - Upstream node vapor density

EMUYV — Upstream node vapor viscosity

ISATU - Index to designate saturation condition (ISATU = 1) of upstream node
AKNEW — K for the branch in consideration.

4.3.2.18 Subroutine PRPADJUST. This subroutine is called from subroutine DENSITY and
allows users to adjust any thermodynamic or thermophysical properties, if necessary.

4.3.2.19 Subroutine TADJUST. This subroutine is called from subroutine MIXPROP which
calculates mixture properties and temperature for the enthalpy-2 option of modeling fluid mixture.
This subroutine allows users to adjust node temperature, if necessary.
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4.3.2.20 Subroutine PADJUST. This subroutine is called from subroutine NEWTONSS
which controls the Newton-Raphson scheme. This subroutine allows users to adjust node pressure,
if necessary.

4.3.2.21 Subroutine FLADJUST. This subroutine is called from subroutine NEWTONSS
which controls the Newton-Raphson scheme. This subroutine allows users to adjust mass flow rate
in the branch, if necessary.

4.3.2.22 Subroutine HADJUST. This subroutine is called from subroutine ENTHALPY,
which solves for enthalpy of single fluid, and subroutine ENTHALPY X, which solves for enthalpies
of all species in the mixture (enthalpy-2 option). This subroutine allows users to adjust enthalpies,
if necessary.

4.3.2.23 Subroutine USRMDG. This subroutine is called from MAIN. This subroutine allows
users to modify geometrical parameters for a multidimensional grid.

4.3.2.24 Utility Subroutines and Functions. User Subroutine code will sometimes use linear
interpolation, for example, when calculating boundary conditions as a function of time. The user
may choose to use GFSSP’s built-in subroutine INTERPOL.:

CALL INTERPOL(XVALUE, N, XARRAY, YARRAY, YVALUE)
Input:

XVALUE - x value at which y will be interpolated

N —ssize of arrays XARRAY and YARRAY

XARRAY(N) — array of increasing x values
YARRAY (N) — array of y values corresponding to XARRAY

Output:
YVALUE -y value interpolated at XVALUE

Subroutine INTERPOL is for linear interpolation only. It does not extrapolate. Out-of-range
values will be set equal to the first or last value in YARRAY, as appropriate.

User Subroutines may also make use of various unit conversion functions to convert between
SI and English units. For example:

REAL FUNCTION KW_BTUS(VALUE)

will convert the power in kW stored in variable VALUE to BTU/s. These conversion functions
are described in the User Subroutine write-up of appendix E.
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4.3.2.25 Provision of Fluid Property Call From User Subroutine. GFSSP calculates fluid
properties in every node as functions of (1) pressure and temperature, (2) pressure and enthalpy,
or (3) pressure and entropy. Most of the property package calls were standardized by placing them
in one of three universal property call subroutines: PROPS_PT, PROPS_PH, and PROPS_PS. An
additional subroutine called PROPS_PSATX is available to users who desire saturation properties at
a given pressure. These subroutines call the GASP/WASP programs, RP-1 interpolation tables, and
User Fluid interpolation tables. They do not call the GASPAK property program.

An advantage of the universal property call subroutines is that it provides a utility for writing
User Subroutines. For example, when calculating a convection coefficient using a film temperature
(mean of the fluid and solid node temperatures), the user will want properties at a different tempera-
ture than the current node temperature. These can be provided with a call to PROPS_PT. Two-phase
convection coefficient correlations may require properties of the saturated liquid and vapor phases,
which can be provided with calls to PROPS_PH, PROPS_PS, or PROPS_PSATX.

Subroutine PROPS_PT returns single-phase fluid properties as a function of Pressure and
Temperature. It does not return saturation properties. The calling statement for PROPS_PT is:

CALL PROPS PT(I NFLUID, Z P, Z T, Z RHO, Z H, Z CP, Z CV,
+ 7 S, Z GAMMA, Z MU, Z K, I KR, Z_XV)

Input:
I_NFLUID - Integer ID Number of the Fluid
Z P — Pressure
7Z_T — Temperature

Output:
Z_RHO - Density
Z_H — Enthalpy
Z_CP — Specific heat at constant pressure
Z_CV — Specific heat at constant volume
Z_S — Entropy
Z_GAMMA - Ratio of specific heats
Z_MU - Viscosity
7Z_K — Thermal conductivity
I_KR — Integer code for the fluid phase (0, unknown; 1, saturated; 2, liquid; 3, gas)
Z_XV — Quality (vapor mass fraction)

The units of the input and output properties are the same as GFSSP’s internal units, and are

shown in table 10. Table 11 gives the fluid ID numbers that are recognized by the PROPS subroutines.
An incorrect ID number will generate an error message and stop the run.
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Table 10. Fluid properties and units.

Property English Units
Pressure (P) psf
Temperature (7) °R
Conductivity (k) Btu/ft-s-R
Density (o) Ibo/ft3
Viscosity (1) Ib/ft-s
Specific heat ratio (y) | Dimensionless
Enthalpy (H) Btu/lb
Entropy (S) Btu/lb-R
Specific heat (C,) Btu/lb-R
Specific heat (C,) Btu/lb-R

Table 11. Fluid ID numbers and critical pressures.

P crit P crit

ID No. Fluid (psia) | 1D No. Fluid (psia)
1 GASP He 33.0 9 GASPF, 756.4
GASP CH, 671.1 10 GASP H, 187.5
GASP Ne 384.9 " WASP H,0 3,204.0

GASP N, 495.6 12 | RP-1tables

GASP CO 507.4 37 | Userfluid 1 tables
GASP O, 737.2 38 | Userfluid 2 tables
GASP Ar 705.6 39 | Userfluid 3 tables
GASP CO, |1,070.9

O | N[~ [w N

Subroutine PROPS_PH returns fluid properties as a function of pressure and enthalpy. The
calling statement for PROPS_PH is:

CALL PROPS PH(I_NFLUID, Zz P, % T, Z RHO, Z H, %z CP, Z CV,
+ 7% S, 7 GAMMA, Z MU, %z K, I KR, Z_XV,
+ 7 RHOL, Z HL, % CPL, Z CVL, Z _SL, Z_GAMMAL, Z MUL, 2 KL,
+ 7 RHOV, Z _HV, Z _CPV, Z CVV, Z_ SV, Z _GAMMAV, Z MUV, Z_KV)

Input:
I_NFLUID - Integer ID number of the fluid
Z_ P — Pressure
Z_H — Enthalpy

Output:

The output is similar to the output of PROPS_PT, except that there are additional liquid (suf-
fix L) and vapor (suffix V) property values returned when the fluid is saturated. If the input enthalpy
falls under the saturation dome at the given pressure, variable I_KR will be returned as 1 (saturated),
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and the properties will be those of a homogeneous two-phase mixture with a quality of Z_XV. If the
fluid is single phase at the given pressure and enthalpy, variable I_KR will be returned as 2 (liquid)
or 3 (gas), and the saturated liquid and vapor property values will be zero.

Subroutine PROPS_PS returns fluid properties as a function of pressure and entropy. The
calling statement for PROPS_PS is:

CALL PROPS PS(I _NFLUID, %z P, Z T, Z RHO, Z H, Z CP, Z CV,
+ 7 S, Z GAMMA, Z MU, Z K, I KR, Z_ XV,
+ 7 RHOL, Z HL, Z CPL, Z CVL, Z SL, Z GAMMAL, Z MUL, Z KL,
+ 7 RHOV, Z _HV, Z _CPV, Z CVV, Z SV, Z _GAMMAV, Z MUV, Z KV)

Input:
I_NFLUID - Integer ID Number of the Fluid
Z_P — Pressure
Z_S — Entropy

Output:

The output and saturation functionality is similar to that of PROPS_PH. The RP-1 and user
fluid interpolation table subroutines do not work as functions of entropy, so calls to PROPS_PS for
these fluids will generate an error message and stop the run.

Subroutine PROPS_PSATX returns fluid properties at a given saturation pressure and qual-
ity (vapor mass fraction). The calling statement for PROPS_PSATX is:

CALL PROPS PSATX(I NFLUID, Z P, 2 T, Z RHO, Z H, Z CP, Z CV,
+ % S, Z GAMMA, Z MU, Z K, I KR, Z XV,
+ 7 RHOL, Z HL, Z CPL, Z CVL, Z SL, Z GAMMAL, Z MUL, Z KL,
+ 7 _RHOV, Z HV, Z CPV, Z CVV, Z SV, Z GAMMAV, Z MUV, Z_KV)

Input:
I_NFLUID - Integer ID Number of the Fluid
Z_P — Saturation Pressure
Z_XV — Quality (vapor mass fraction)

Output:

The output is similar to the saturated output from PROPS_PH and PROPS_PS. If the user
only desires the liquid (suffix L) and vapor (suffix V) properties, an input Quality of zero may be
used, and the quality-weighted properties ignored. At this time, this subroutine only works for
GASP/WASP fluids; calls with RP-1 or user fluids will generate an error message and stop the run.
Providing a saturation pressure greater than the critical pressure will also generate an error message
and stop the run. Critical pressures for the GASP/WASP fluids are listed in table 11.
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5. GRAPHICAL USER INTERFACE

This section introduces the visual thermofluid dynamics analyzer for systems and components
(VTASC), a unique GUI designed to simplify the model building process for GFSSP. VTASC allows
the user to design GFSSP models using an interactive ‘point and click’ paradigm. The program seeks
to eliminate some of the more tedious, error prone, and time-consuming operations associated with
the model building process such as the selection of unique numbers for nodes and branches, and the
explicit specification of the upstream and downstream nodes for every branch. The models may be
easily modified both in terms of additional nodes and branches and the model-specific data. Figure 46
shows the main VTASC window that consists of menu and toolbar options and a blank canvas.
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Figure 46. Main VTASC window.
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5.1 Menus

5.1.1 File Menu

The File pulldown menu, shown in figure 47, contains the functions to begin a new model,
open an existing model, save the model, save the model with an alternate location and name, print
the model to a printer, print an image of the model to a bitmap (.bmp extension) file, write an input
file for GFSSP based on the current model, import a second model into an existing model, and exit
the application. The most commonly used of these functions are available, as shortcuts, from the file
input/output toolbar. In addition, the File menu contains a listing of the nine most recently saved
models.

F New Cirl+N

B Open Ctr+0

B save CtrH+s
Save As

Print... Ctrl+pP
Print Image

Write GFSSP file

Import Model

Exit Ctr+Q
1 D:/MTASC3200/ExamplesTesto01/Ex16/Ex16Postiverge. vts

2 D:NMTASC3200/ExamplesTesto01,/Ex17 /Ex17PostMerge.vis

3 D:MTASC3200/ExamplesTesto01,/Ex18/Ex18PostMerge.vis

4 D: NMTASC3200/ExamplesTest601/Ex19/Ex19Postverge. vts

5 D:/MTASC3200/ExamplesTesto01,/Ex20/Ex20PostMerge. vis

Figure 47. VTASC File menu.

The new model function will reinitialize the application to a clean state without having to exit
and then restart the application; if model data are present, then the user will be prompted to continue
the operation. The open model function will present a file dialog to allow the user to select a previous
model; note that all model files have a ‘.vts’ extension. The VTASC model files are not synonymous
with the GFSSP input files; GFSSP compatible input files may be generated, based on the current
model, as described below. The Save function allows the user to save the current model to a desired
location. In the case where the model has not been previously read or saved, a file dialog will appear
and allow the user to save the current model to a given location. The Save As function works identi-
cally except that a file dialog will appear in all instances. The Print function produces a Postscript file,
which allows the user to print the current circuit to a printer or to a file. The Print Image function
will save an image of the circuit in a bitmap file. The Write GFSSP file function will become active
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once the user has input the required data; this is covered in the following section. The Import Model
function allows the user to insert additional models to an existing model. This function will become
active once the user has created a branch. The Save and Print functions are not available until at least
one node is present.

5.1.2 Edit Menu

The Edit pulldown menu, shown in figure 48, contains the functions to delete a selected
item(s), activate the Global Options dialog, open an existing GFSSP output or input file using the
desired editor (see Global Options User Information tab, fig. 51c), and to select all elements on the
canvas. The Delete function, which is not available until at least one node is present, also appears
as a shortcut from the file input/output toolbar. The Global Options dialog is discussed in detail in
section 5.2.

X Delete Ctrl+D
Options ...
Edit Output File
Edit Input File
Select All Clrl+a

Figure 48. VTASC Edit menu.

5.1.3 Advanced Menu

The Advanced pulldown menu, shown in figure 49, contains the functions to activate dia-
logs for GFSSP’s Advanced options such as Transient Heat, Heat Exchanger, Tank Pressurization,
Turbopump, Valve Open/Close, Fluid Conduction (not active), Pressure Regulator, Flow Regula-
tor, Pressure Relief Valve, Enable/Disable Grid Generation, Enable/Disable Conjugate Heat Trans-
fer, and Select/Deselect SI Units. With the exception of Enable/Disable Grid Generation, Enable/
Disable Conjugate Heat Transfer, and Select/Deselect SI Units, these functions are not available
unless the Advanced option has been activated through the Global Options dialog. The Advanced
option dialogs are discussed in detail in section 5.4. Selecting Enable Grid Generation enables the
grid node on the left side of the main window. Selecting Enable Conjugate Heat Transfer will enable
the three Conjugate Heat Transfer related icons on the left side of the main window. Selecting Enable
SI Units will change all of the VTASC data input field labels to SI units.
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Enable Grid Generation
Enable Conjugate Heat Transfer

Select S Units

Figure 49. VTASC Advanced menu.

5.1.4 Run and Module Menus

The Run pulldown menu contains the functions to call and run GFSSP, Winplot, and GFSSP
and Winplot together. These functions also appear as shortcuts from the file input/output toolbar.
The third function will call Winplot and then start GFSSP. Note that Winplot is not part of the
GFSSP installation package and must be obtained separately. Also note that Winplot is not made
available by VTASC unless a model is defined as an unsteady model. The Module menu contains the
function to activate the User Executable Build dialog. The User Executable Build dialog is discussed
in detail in section 5.6.

5.1.5 Display, Canvas, Group, and Help Menus

The Display pulldown menu contains the functions to activate the Display Results/Proper-
ties dialog, clear any results/properties displayed on the canvas, and enable Quicklook. The Display
Results/Properties dialog is discussed in detail in section 5.9.3. The Canvas pulldown menu contains
the functions to toggle between a 1-, 2-, or 4-page canvas. The double page canvas configuration is
useful for larger models that will not easily fit on a single page canvas. Note that in multiple page con-
figurations, the user should allow for margins for printing. The Group pulldown menu provides the
ability to perform move/align operations on a group of network objects that have been selected. The
Help pulldown menu contains the function to activate a popup window with additional information
about that particular version of VTASC, open the GFSSP User Manual, and disable/enable tooltips.
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5.2 Global Options

From the Edit menu, select the menu option labeled Options... to display the Global Options
dialog shown in figure 50. A left mouse click on items listed to the extreme left allows access to the
desired information within the right pane. As shown, selecting the ‘Instructions’ option gives general
instructions on the use of this dialog.

| Inguchiont GSP
: Gormsal Ik
|+ Cocuk Opdions Th Ssiog slows the utel o sel the opticnsl ard reqared data foe & GRSSP smdlstion
|~ Unsteady Oghons
Flad O To specdy B doseed vioemation please select an dom on the et

You must chek APPLY o« APPLYCLOSE Bution on each page ho setain selections

ek CANCEL 10 Lo Lrmviartnd chrges arvd ke

Figure 50. Global Options dialog.
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5.2.1 General Information

Selecting the General Information item, or toolbar alternative E{', displays the following
dialog (fig. 51) to access User Information, Solution Control, and Output Control. The User Infor-
mation tab shown in figure 51(a) allows specification of the title, name of the analyst, working direc-
tory, GFSSP compatible input file, the output file to be generated by GFSSP, and the name and
location of the GFSSP executable that will be used to run the model. The working directory, which
is the directory where VTASC will write the GFSSP input and output files associated with the model,
is assigned by specifying a file path for the GFSSP input file. The installation version of GFSSP is the
default executable defined for any new model. Note that the file menu option Write GFSSP file will
become active only when the input and output GFSSP files have been specified. The Compiler radio
button allows the user to select either Compaq or Intel Fortran to compile user subroutines. The
default text editor for input, output, and history files is Notepad. The user may switch to another
editor (e.g., Textpad) by browsing to the executable in the Editor box.

(& Global Options X

Setup fee specidyeg general mlomaton

Uiee infomation | Selten Cortvod | Outes Contd |

Uns s f
Fhat Otiony T

Ansgt |

GFSSPirgu Fie |

GFSSP Outgua i [

GRESP Exmcutable [C\Pog o Files (w50 GF SSPEOPGF SEPEN3 Bt

Conpier Conpeq It

Edh Irndepad exe

Delnd Carcel |

(a) e
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Figure 51. General information dialogs: (a) User Information tab, (b) Solution Control tab,
and (c) Output Control tab.
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The Solution Control tab shown in figure 51(b) allows specification of certain characteristics
of the solution procedure of a particular model. The user can choose either a Simultaneous Solution
procedure or the original Hybrid Solution scheme. The user can also choose between the First Law
and Second Law of thermodynamics based solution procedures for the energy equation. For the
solid energy equation, the user can select either a Newton Raphson or Successive Substitution solu-
tion scheme. For the differencing scheme, the user may select either the First Order or Second Order.
For the Nonlinear Solver, the user may select either the Newton-Successive Substitution or Broyden-
Successive Substitution method. In addition, the user can specify the Convergence Criteria, Maxi-
mum Iterations, Relaxation parameters, and choose the method by which the initial guess is made.
The user can also specify if they wish to use restart files by checking the appropriate box. Checking
the Save Information box indicates the user wishes to save the final solution to use as an initial guess
in another model. Checking the Read Information box indicates the user wishes to read in a previ-
ously saved solution as an initial guess. Note that if both boxes are checked, GFSSP will overwrite
the initial restart files during the simulation. Two restart files are used by GFSSP for both saving and
reading information. One file is used for node information and one for branch information. The user
may name the restart files using the designated text boxes.

The Output Control tab shown in figure 51(c) allows specification of the type of data to
output during the GFSSP simulation as well as requesting certain values to be checked for reason-
ableness, and requesting various messages for model debugging purposes. The solution check can be
activated by choosing Check Values. The output options consist of inclusion (default) or suppression
of: (1) Network Information (print), (2) Extended Thermodynamic and Thermophysical Informa-
tion at the nodes (print/plot), (3) Initial Flow Field (print), and (4) Winplot data (plot). For Winplot
data, the user can define whether and how often GFSSP writes output to the Winplot data files
(the default is 1, which writes output at every time step) as well as the type of file that is generated
(comma separated value files or a binary file formatted for the Winplot plot program). If Binary file
is selected, the user may select the number of plot records to buffer for each write to the binary file.
The Buffer entry (default 1.1) is a way to give allowance for possible increase in the data (decrease in
time step) to be written. Checking CSV will cause GFSSP to write a comma-separated variables file,
which can be processed by Excel.

GFSSP provides a way for a user to define variables to be plotted. User-defined variables are
defined in one of the subroutines in the User Subroutine file, found in the installation folder. Check-
ing Tecplot Data will cause GFSSP to write data to a file that is suitable for input into the Tecplot
program.

Checking Disable GFSSP Run Information will stop GFSSP from writing back to VTASC
in the GFSSP Run Dialog. This has been found to be helpful for long-running models. GFSSP will
create <modelname>.PLT files, which provide output data that can be used to present results within
VTASC. Disabling (default) will prevent these files from being created.

Note that the Apply or Apply-Close button must be pressed to accept modifications to the data

in any of the tabs. To reset the data to default on all three tabs press Default and then the Accept
buttons. The Cancel button closes the General Information item without accepting any changes.
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5.2.2 Circuit Options

Selecting the Circuit Options item, or toolbar alternative ™, displays the pane in figure 52,
allowing access to Circuit Options and Initial Values. The Circuit tab shown in figure 52(a) allows
specification of the options that will be activated for this circuit. These options include: Axial Thrust;
Cyclic Boundary; Dalton’s Law (only active for multiple fluid models); Enthalpy Formulation (Stag-
nation or Static); Fluid Conduction (activates Fluid Conduction on Advanced Menu, but is not
active); Fluid Mass Injection; Gravity (enables Buoyancy and Reference Node); Heat Exchanger
(activates Heat Exchanger Advanced Menu); Heat Source (with optional units); Inertia (Note that
while this option allows you to choose to supply relative angles between adjacent branches, no
mechanism currently exists to define those angles using VTASC. The user must manually edit the
GFSSP input file to supply those angles (also discussed in sec. 5.5.13)); Mixture (with option to
select method of calculations); MD-Grid; Momentum Source; Moving Boundary; Normal Stress;
Phase Separation Model; Rotation; Shear; Solid-Fluid Heat Transfer Coefficient with the ability to
choose method of calculation (only active for models using conjugate heat transfer); Transient Term
Active; Transverse Momentum; and Turbopump (activates Turbopump Advanced Menu). Note that
activating these options may require additional inputs in other areas of VTASC.

The Initial Values tab shown in figure 52(b) allows the user to set initial values of Pressure,
Temperature, etc., for both boundary and interior nodes as well as solid nodes. The initial value
for nodes may be changed, after the model has been built, by modifying the desired data and pressing
the Apply to All button or the Apply to Selected button. For multiple fluids, the option to set default
concentrations will become visible. Node ID Sequence Start gives the user the ability to specify the
starting Node ID. This may be changed at any time during model creation.
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5.2.3 Unsteady Options

Selecting the Unsteady Options item, or toolbar alternative “=-, displays the dialog shown
in figure 53. The Unsteady Options dialog allows users to choose from various levels of unsteady
modeling. The options in this window include: Steady (default); Quasi-Steady; Time Step; Start
Time (a relative time—does not have to be zero); Final Time; Print Frequency (controls print interval
to all output files except Winplot files); Unsteady; Variable Rotation (user specifies variable rota-
tion file name); Variable Geometry (user specifies the variable geometry file name); Variable Heat
Load (activates Transient Heat Advanced Menu); Tank Pressurization (activates Tank Pressuriza-
tion Advanced Menu); Valve Open/Close (activates Valve Open/Close Advanced Menu); Pressure
Regulator (activates Pressure Regulator on Advanced Menu); Flow Regulator (activates Flow Regu-
lator on Advanced Menu); and Pressure Relief Valve (activates Pressure Relief Valve on Advanced
Menu). Note that Pressure Regulator Option 1 and Flow Regulator Option 1 are mutually exclusive
in a circuit. Note that activating the unsteady options may require additional inputs in other areas of
VTASC.
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Figure 53. Unsteady Options dialog.
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5.2.4 Fluid Options

Finally, selecting the Fluid Options item, or toolbar alternative ==, displays the dialog
shown in figure 54. The Fluid Options dialog allows users to choose the thermodynamic property
approach used in the model. The user can choose from the embedded thermodynamic property
packages (1) GASP and WASP or (2) GASPAK. Additionally, the user can choose a constant density
fluid (the energy equation is not calculated with this option and this option cannot be used with fully
unsteady modeling); an ideal gas by specifying the fluid gas constant, specific heat, viscosity, thermal
conductivity, reference pressure, reference temperature, reference enthalpy, and reference entropy;
hydrogen peroxide, with the capability to define the mole fraction of water present in the fluid; and
user-defined fluids through user-defined property files. Note that choosing the constant density fluid
option causes the program to set the flow to steady and all unsteady options to be turned off.
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Figure 54. Fluid Options dialog.

Desired fluids from the Library of Fluids may be selected and added to the Selected Fluids
list by pressing the =F button. Fluids may be deleted from the Selected Fluids list by selecting the
unwanted fluids and pressing the ﬁ button. Note that a number enclosed in parentheses appears by
each selected fluid. This is the GFSSP index number for that fluid. If a user fluid is selected, VTASC
will prompt the user to double-click the fluid name to supply the fluid property file names and fluid
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molecular weight. Note that all user-defined property files must reside in the model’s working direc-
tory. The Switch Package button allows the user to switch between the two available thermodynamic
property packages. The Switch Package button will only work when all selected fluids are common
to both fluid libraries. Note that manually switching between the two thermodynamic property pack-
ages will delete all fluids from the selected fluids list and node properties.

5.2.4.1 Saturation Property Calculation for User-Specified Fluid. GFSSP has the capability
to define a User Fluid with property interpolation tables. These tables provide seven fluid properties
as functions of pressure and temperature. Beginning with v605, saturated fluid properties and phase
change may be modeled with a User Fluid, provided that an eighth table of saturation properties is
also supplied. A maximum of three User Fluids is permitted in a model.

Figure 55 shows the VTASC fluid options dialog as set up to define water as a User Fluid.
The seven property filenames and fluid molecular weight must be provided. The eighth file providing
saturation properties is optional and can be added by checking the Phase Change box.
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Figure 55. Defining a user fluid in the VTASC Fluid Options dialog.
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The seven properties that must be provided are Thermal Conductivity, Density, Absolute
Viscosity, Specific Heat Ratio, Enthalpy, Entropy, and Specific Heat. The required units depend on
whether the user has developed a model in English or SI units and are shown in table 12.

Table 12. User fluid properties and units.

Units
Property English Sl

Pressure (P) psia kPa
Temperature (T) °R K
Conductivity (k) Btu/ft-s-R Wim-K
Density (o) Ib/ft3 kgl
Viscosity () b/ft-s N-s/m2
Specific heat ratio (y) | Dimensionless | Dimensionless
Enthalpy (H) Btu/lb kJ/kg
Entropy (S) Btu/lb-R kd/kg-K
Specific heat (C,) Btu/lb-R kJ/kg-K

The format of the seven property tables is:

NP, NT
T(1),
P (1),
P(2),

P (NP),

T(2), T(
PROP (1,1
PROP (2,1

, PROP(1,2),
, PROP(2,2),

PROP (1, 3), ..,
PROP (2, 3) , ..,

PROP (1, NT)

3),.., T(NT)
)
) PROP (2, NT)

4

PROP (NP, 1), PROP(NP,2), PROP(NP,3),.., PROP(NP,NT)
NP is the number of pressures and NT is the number of temperatures. There can be a maximum of
301 pressures and 301 temperatures in the property file. The pressures and temperatures must be the

same in all seven files. Figure 56 shows a portion of the density file for water.

~ o)

B TextPad - E\GFSSP\GFSSP versions\GFSSP605\Testing\Ex27\rhowater2.dat o[- B [mE3e]
File Edit Search View Tools Macros Configure Window Help
D BE8RE B EERIQVHR ECH o s
~_/ rhowater2.dat | v X
| 66 121 —
500.00000 510.00000 520.00000 530.00000 540.00000 550.00000 i
10.000000 62.424999 62.407001 62.363998 62.298000 62.212002 =
30.000000 62.429001 62.411999 62.368000 62.301998 62.216000
50.000000 62.433998 62.416000 62.372002 62.306000 62.220001
70.000000 62.438000 62.419998 62.375999 62.310001 62.223999
90.000000 62.442001 62.424000 62.380001 62.313999 62.228001
110.00000 62.445999 62.428001 62.383999 62.318001 62.230999
130.00000 62.451000 62.431999 62.388000 62.320999 62.235001
150.00000 62.455002 62.436001 62.391998 62.325001 6£2.238998
170.00000 62.459000 62.439999 62.396000 62.328999 62.243000
190.00000 62.463001 62.444000 62.400002 62.333000 62.247002
210.00000 62.467999 62.448002 62.403999 62.337002 62.250999 A
_I 0290 nnnnn €T A79nnn €7 4ACHQQQ €9 Anonnid €9 241 00NN €9 accnnid
< m »
File: rhowater2.dat, 130928 bytes, 68 lines, PC, ANSI 1 1 Read Owvr Block Sync Rec

Figure 56. User fluid property file for water density.
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The format of the optional eighth property file for saturation properties is:

NPSAT
PSAT (1), TSAT, (H, p, Cp, u, v, k, S)LIQ, (H, p, Cp, ¥, v, K, S)VAP
PSAT (2), TSAT, (H, p, Cp, u, v, k, S)LIQ, (H, p, Cp, ¥, v, K, S)VAP

PSAT (NPSAT), TSAT, (H, p, Cp, u, v, k, S)LIQ, (H, p, Cp, 1, Vv, K, S)VAP

NPSAT is the number of saturation pressures; the maximum is 500. The saturation pressures do not
need to be the same as the pressures in the seven property tables. Each line gives a saturation pres-
sure, the corresponding saturation temperature, and the seven properties of the saturated liquid and
saturated vapor. Figure 57 shows a portion of the saturated property file for water.

[ TeutPad - EAGFSSIMGFSSH verneon\ GFSSPUOS\ Testing\ Ex27\satwater2.dat * o) ]
Fle [dit Zearch View JYoolks Macros Configure Window Help
Ded A&SRE DA 2T DY HUR TR . 5
satwates2.dat * - X
7
0. 100000 424 6710 3 01090 62 4210 1.00730 1 137200E-03 1 00020 9 061111E~05 & 104500E-023 1077 20
7.599%% £40.150 148 620 £0. 5680 1.003%0 1.08780 1.0783%1E~04 0.264120 1133 80
£72.989 181 £70 ! g 1.00720 1 1.12010 1 091027E-04 0 1151 60
694 159 203 .050 1.0114( 1 1.14250 1 095583E~04 0 1159.30
1.01480 1 1 ) 1165 .00

710 159 219.270 16030 L 097444E~04

0368739

129

Figure 57. User fluid saturated property file.

A common source of fluid properties is the REFPROP program. Utility programs with
instructions (app. F) for converting output from REFPROP into GFSSP’s User Fluid format are
provided in the User Fluid Utilities subfolder of the GFSSP installation folder.

General guidelines for developing user fluid tables:

* Interpolation is linear with respect to pressure and temperature. Many pressure points are recom-
mended for compressible fluids to ensure accuracy of density interpolation.

+ User fluids cannot be used with the Second Law energy equation, so entropy is a printout variable
only. If entropy is unknown, the user may place dummy values in the table.

« If viscosity, specific heat, and thermal conductivity are not known as functions of pressure and/or
temperature, the user may use the same constant value at all pressure and/or temperature points in

the table.

« If enthalpy is not known, the user may construct enthalpy tables by integrating the specific heat
over temperature.
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5.3 Fluid Circuit Design

5.3.1 Boundary and Internal Node Properties

The boundary node addition tool @ located on the left border of VTASC is used to place
boundary nodes on the drawing area, henceforth called the canvas. Upon selection of this tool the
user may add boundary nodes by moving the mouse to the canvas and pressing the left mouse but-

nodes are automatically given unique numeric identifiers. Figure 58 shows a canvas with a number of
boundary and interior nodes.

Figure 58. Boundary and interior nodes on canvas.

The selection tool | & is used to select the desired node and either modify its location or
enable its deletion. Positioning the mouse and pressing the left button performs the selection; upon
selection, the selected node will be shown with a red border. Repositioning a node is simply per-
formed by pressing and holding the left mouse button over a node, moving the mouse to the desired
location, and releasing the left mouse button. Multiple nodes may be selected for deletion by using
the Ctrl keyboard button in conjunction with the mouse. The nodes may then be deleted using the
Delete toolbar button as long as they are not attached to any branches. A left mouse click within the
canvas, away from any nodes, will deselect any previously selected nodes.
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A right mouse click upon a node will select the node and present a popup menu (fig. 59)
allowing the user to delete the node (will not work on multiple node selections and is not avail-
able if the node is connected to any branch), set the properties for the indicated node, save the
node properties to a node property buffer, get the properties from the node property, or align the
node either horizontally or vertically with its neighboring elements. (Horizontal alignment aligns
all elements to the right of the selected node, while vertical alignment aligns all elements below
the selected node.) Once a model has been run, the internal node popup menu also allows the user
to activate the results dialogs, which will be discussed in section 5.8.

Properties ...

Delete

11

Align

Yertical Align
(a)

Figure 59. Node popup menus: (a) Boundary node and (b) internal node.

(b)

Properties ...
Results ...

Save Properties
Get Properties
Align

Yertical Align

Delete

1]
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Choosing the Properties ... option will present the dialog shown in figure 60. The appropriate
inputs will be activated dependent upon the choices present within the Global Options dialog and
the type of the selected node, whether boundary or interior. The user may modify the desired data
within this dialog. To modify the concentration of a given fluid, select the desired fluid and type in
the desired concentration. Note that directly upon selecting a fluid, the user may type without hav-
ing to reposition the mouse. If the user wants to change the numeric identifier for a node, simply
type in the desired numeric identifier (maximum of five numbers). The user may enter any desired
descriptive text into the Node Description input box. Pressing the OK button will accept and adjust
the revised data and the Cancel button will reject the revised data. Also, in the case of an unsteady
flow, each boundary node will be automatically assigned a unique Node History File name that is
subject to user modification. Checkboxes allow for selection of the node as Moving Boundary, Phase
Separation Model, or Cyclic Boundary. These are enabled on Circuit Options.

ti NodeProperties X

Identifier [2 Nitrogen [1.0000 ] i Concentration
- Ox=ygen [0.0000 ] I

Node Description [Node 2

Pressure [psia) |1 47

Temperature [F) IBU

Mass Rate (Ibm/s) IIZI

Heat Rate [Btu/sec] IEI

Thrust Area (in”2) Il:I

Nade History File | | ]

Node Yolume [in”3]

Area Normal to Node (in”2) Il:l

MNormal Yelocity of Node [ft/sec] |1:|
[~ Moving Boundary

[~ Phase Separation Model

[~ Cyclic Boundary IU Upstream Node [D

0K Cancel

Figure 60. Node properties dialog.
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5.3.2 Branch Properties

The branch addition tool i;_’% is used to specify the branches between the nodes. Selection of
this tool immediately causes each interior and boundary node to be drawn with a series of ‘handles’
as denoted by the green squares in figure 61.

8
- 10 [6]
9

Figure 61. Nodes with branch ‘handles.’

The handles serve to clearly identify eight possible locations on a node where the initial
(upstream) or terminal (downstream) points of a branch may be located. Note that an unlimited num-
ber of branches may initiate or terminate at each handle. There are two different types of branches
that may be created—a directed line segment between any two nodes and two possibly discontinuous
line segments. In either case, a left mouse button click on a handle will initiate a branch. Once an
initial handle (specifies the upstream node) has been selected, further movement of the mouse will
draw a directed line segment from that handle to the current location of the mouse, as shown in fig-
ure 62(a). For the first type of branch, selecting another handle completes the branch, as this second
handle effectively specifies the downstream node (fig. 62(b)).

@ =TT "L o 10— ? =L
17

Figure 62. Direct line segment branch: (a) Upstream node
and (b) downstream node.
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The second type of branch is initiated identically; however, after selecting an initial handle, an
additional anchor point may be set at any location on the canvas by a left mouse click at the desired
location. The branch is then completed, as usual, by selecting another handle. This series of steps is
shown in figures 63(a) and (b).

2

2
P \ /
?

(a) (b) 12

Figure 63. Two-line segment branch: (a) Upstream node
and (b) downstream node.

Completing a branch will activate the delete function in the toolbar, edit menu, or by typing
Ctrl+D. As shown in figures 62(b) and 63(b), a unique numeric branch identifier formed by concatenat-
ing adjacent node numbers is automatically generated and the directed arrowhead visually defines the
branch upstream and downstream node relationship. A click on the branch addition tool {% may be
used to clear a branch currently under design and reinitialize the process. The selection tool | X may
be used to select the desired branch and either modify its location or enable its deletion. The Ctrl button
may be used in conjunction with the mouse to select multiple branches and nodes for deletion using the
Delete toolbar button. Note that a node can only be deleted using this method if all branches attached
to it are deleted as well. Figure 64 shows an example fluid circuit complete with nodes and branches.

17 ? ?
79\E|/910 5;\
’)/
/59

Figure 64. Example fluid circuit with complete branch connections.
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Specification of a new branch shows an 7 image, which visually indicates that the resistance
for this branch has not been specified. A right mouse click upon the image will present the popup
menu shown in figure 65, which allows the user to specify the Components, i.e., the resistance for the
branch; Align the branch either horizontally or vertically with its neighboring elements (horizontal
alignment aligns all elements to the right of the selected branch, while Vertical Alignment aligns all
elements below the selected branch); activate the Relocate ID dialog; activate the Change Branch
connection dialog; or Delete the branch. The Properties option will be activated once a resistance has
been selected for the branch and the Rotation/Momentum Data option will be activated in the case
where either Rotation or Momentum is selected in the Global Options and for the specific branch
under consideration. Once a model has been run, the Branch popup menu also allows the user to
activate the results dialogs, which will be discussed in section 5.8.

Components ...

Properties ...
Rotation/Momentum Data ...
Results ...

Save Properties

Apply Properties

Align

Yertical Align

Relocate ID ...

Change Branch connection ...

Delete

Figure 65. Branch popup menu.

Figure 66 shows the Relocate Branch ID dialog. This dialog gives the user a choice of eight
locations where the branch identifier can be placed in relation to the branch element on the canvas.
Figure 67 shows the Branch Connections dialog. This dialog allows the user to change the nodes that
the branch connects and/or the handles where the branch attaches to each node. Note that changing
the nodes connected to a branch does not automatically change the branch identifier.

Relocate Branch ID @@

Relocate Branch ID———
@ & K

- BR i
'S

Figure 66. Relocate Branch ID dialog.
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Iﬁ Branch Connections el
-Mew Nodes 1

Ubpo CC O O Down

[ ¢ ¢ 26 2

f o £

Cancel

Figure 67. Change Branch Connections dialog.

Choosing the Components... option will present the Resistance Options dialog shown in
figure 68. This dialog shows pictorial representations for each of the 27 (unsteady) branch resistance
options currently allowed in GFSSP. Note that the Control Valve option will not be available for
steady flows. The available resistance options are discussed in section 3.1.7. To assign a resistance
option, left click on the desired component and click the Accept button. Figure 69 shows an example
where each of the branches has been assigned a resistance option. The user may change the resis-
tance option for a branch at any time without deleting the branch.

@ Resistance Options @@
7 2
? o >4 ] O
MNone Pipe Restriction Rectangular Duct  Elliptical Duct
® Q Il ' a
== =
Concentric Circular Sector  Pipe with Losses  Thin, Sharp Orifice  Thick Orifice
Annulus Duct Duct
= = S
Square Reduction Square Expansion Rotating &nnular  Rotating Radial Labyrinth Seal
Duct Duct Dodge -
- 4 2K (D) LS| ey
Face Seal Fittings & Valves Pump Pump Power Valve with Cv
Characteristics LI
LCancel |

Figure 68. Branch Resistance Options dialog.
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Figure 69. Example fluid circuit with Resistance options.

A right mouse click on a branch where the resistance has been specified will present the popup
menu (fig. 65) with the Properties ... option activated. Choosing the Properties ... option will pres-
ent a dialog that is specifically tailored to receive input for that Resistance option. In all instances, the
properties specification dialogs behave in an identical fashion; however, the Fittings and Valves - 2 K
dialog is somewhat different and will be shown as an example. Choosing the Properties option for a fit-
ting and valve will present the dialog shown in figure 70. The user can input the desired data or use the
tree structure to the right to select a desired fitting or valve. Selection of a fitting or valve from the tree
will load its specific data into the fields to the left; these data may then be edited as desired. The Accept
button must be pressed to apply the data.
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—Common Fittings and Valves
Identifier I.| E -- Tee, U:ed as Elbow :-l
Description [alve 12 - Tee, Flow Through
F-Yalves
Fitting Diameter [in) IB @ Gate, Ball, Plug

#Full Line Size, B =1.0
Reduced Trim, B =0.9
K2 [0.25 IR cduced Trim, B = 0.8

K1 {1000

Iritial Elowrate (Ibm/sec] ID

Globe, Angle or Y-Type v
Fitting/\/alve Description |Valves: Reduced Trim, B =0.£ | «] | B
I | Botation I~ | Momenturn Source I~ nertia
Cancel Accept

Figure 70. Fittings and valve resistance option properties dialog.

In general, the following applies to every resistance option. If the user wants to change the numeric
identifier for a branch, simply type in the desired numeric identifier (maximum of five digits). For the
unsteady case, the initial flow rate may be specified, and depending upon the selected global options, the
Rotation, Momentum Source, and Inertia checkboxes may be active. Notice, in this case, that the Rotation
checkbox is active and has been selected. If Rotation has been checked and Accepted, a right mouse click
on the branch will present the popup menu with the Rotation/Momentum Source option active, and select-
ing this option will present the following dialog (fig. 71) to allow input of the relevant information.

f5] vtascz.172
Rotational/Momentum Data

IUpstream Radius (in) I
Downstream Radius (in) IU

RPM

K Factor

Figure 71. Rotation/Momentum dialog.

5.3.3 Conjugate Heat Transfer

The solid node B, ambient node O, and conductor ﬂ addition tools are used to specify
the conjugate heat transfer portion of a GFSSP model. These tools are inactive until the user acti-
vates Conjugate Heat Transfer by selecting it from the Advanced menu. In practice, adding solid and
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ambient nodes to the VTASC canvas is analogous to adding internal and boundary fluid nodes,
while adding conductors is an identical process to adding fluid resistance branches.

A right mouse click on an ambient node reveals a popup menu identical to the fluid bound-
ary node popup menu shown in figure 59(a), while the Solid Node popup menu is similar to the
Fluid Internal Node popup menu shown in figure 59(b). The Properties dialog for a solid node is
shown in figure 72. For a solid node, all inputs are required at each node. A list of available materi-
als is shown at the right of the dialog. When the user left mouse clicks the desired material from the
list, the GFSSP index number for that material is automatically written to the Material input box.
The Ambient Node Properties dialog shown in figure 73 requires a temperature and, optionally,
a history file (unsteady) as a modeling input.

itiSolid Node Properties X

Figure 72. Solid Node Properties dialog.

i Ambient Node Properties

[~ Use Hlstory File

MNode History File

Identifier [3
Description INode 3
Temperature (F)  |0.000000

0K

Cancel |

L]

Identifier 1 Aluminium 2024-T6 i‘
- 2 Al2219
Description INode 3 3 AL 6061
Temperature (F) ISD.UDUUDD 4 AL 7075
Mass (Ibrm) IU.UUUUUUU 5 A 28EF Nickel Base Alloy
6 Bemllium
Heat Source (BTU/s)|0.0000000 7 Bismuth
; 8 Boron
Material ID R ﬂ
0K Cancel

Figure 73. Ambient Node Properties dialog.
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The Conductors popup menu (fig. 74) is very similar to the Fluid Branch popup menu (fig. 65).
The only differences are that a Conductors option replaces the Components option; there is no need for
a Rotation/Momentum option, and the Change Branch Connection option is here named the Change
Conductor connection option. (The functionality is identical to the Change Branch Connection option).

Conductors ...
Properties.,
Results ..,
align

Vertical Align
Relocate ID ...

Change Conductor connection ...

Delete

Figure 74. Conductors popup menu.

When the user first adds a conductor to the canvas, VTASC indicates that the conductor type
is undefined using this symbol ~2~. The user defines the type of conductor by selecting the Conduc-
tors option from the conductor popup menu. This opens the Conductors dialog shown in figure 75.
The user must select the appropriate type of conductor and click the Accept button. Note that
VTASC will not allow the user to select a conductor type that is inconsistent with the types of nodes
attached to that particular conductor (e.g., a solid-ambient convection conductor type cannot be
applied to a conductor connecting two solid nodes). As with fluid resistance branches, once the con-
ductor type has been defined, the Properties option becomes active in the conductor popup menu.
Selecting the Properties option activates a Properties dialog where the user supplies characteristics
that are specific to that conductor type.

5.3.4 Import Model

VTASC provides the ability to easily combine two or more models using the Import Model
function on the File menu (see fig. 47). Any two models (vts) can be combined in either order, with
few exceptions/limitations. The imported model node and branch locations will be maintained. User
information, solution control, and output control information will not be imported; only models with
General Fluid specified will be imported; fluid conduction (inactive), fluid mass injection, momen-
tum source, and normal stress will not be imported. Component ID conflicts will trigger a dialog
giving the user an opportunity to resolve the conflict. Any inconsistencies will generate informational
messages. Example 23 utilizes the file import feature.
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@ Conductor Options E]@
K HTCR HTCR R
~Z Y Y 24 Y
Conductor Conduction Convection Convection Radiation
Solid-Solid Solid-Amb Fluid-Solid Solid-Solid
.................. Aecept | Cancel

Figure 75. Conductors dialog.

5.4 Advanced Options

GFSSP contains many advanced features: Transient Heat Load, Heat Exchanger, Tank Pres-
surization, Turbopump, Valve Open/Close, Fluid Conduction (not active), Pressure Regulator, Flow
Regulator, and Pressure Relief Valve. If any or all of the advanced features are selected (via Cir-
cuit Options or Unsteady Options), the user can input the appropriate information by selecting the
option corresponding to the feature from the Advanced menu (see fig. 49).

The dialogs for each of the advanced options operate in an identical fashion. The user may
add any number of components to that option by pressing the Add button. To modify the data for
a particular component, the user must select the component of interest, modify the data, and press the
Accept button. To delete a component, press the Delete button after a component has been selected.
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5.4.1 Transient Heat

The Transient Heat Load option dialog is shown in figure 76. This option is activated from
the Circuit Options pane on the Global Options menu (see sec. 5.2.3). The user provides the fluid
node where the heat load is applied and the name and location of a history file containing the heat
load as a function of time.

i8] vtasc3.172

[i Add

Heat Load File : I B _r:I Delete |
Accept I

Done

Figure 76. Transient Heat Load option dialog.

5.4.2 Heat Exchanger

The Heat Exchanger option dialog is shown in figure 77. This option is activated from the Cir-
cuit Options pane on the Global Options menu (see sec. 5.2.2). The user has the option of modeling
a Counter Flow or Parallel Flow heat exchanger. The user supplies the branch numbers that will be
identified as the Hot and Cold Branches as well as a value for Heat Exchanger Effectiveness. If the
user enters a Heat Exchanger Effectiveness value between 0 and 1, GFSSP will perform calculations
based on that effectiveness. If the user enters a value >1, this prompts GFSSP to internally calculate
the effectiveness. In the latter case, the user must also supply a value of UA (the product of the over-
all conductance for heat transfer and the surface area on which that conductance is based).

i purissa i Heat Exchanger Type o
Heat Exchanger 2 ¢ Counter Flow

Heat Exchanger 3 ¢~ Parallel Flow Delete I

Accept

Hat Branch |23 UA {1.10375
I Heat Exchanger [—-
Cold Branch |57 Effectivenessg 1.5

Close l

Figure 77. Heat Exchanger option dialog.
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5.4.3 Tank Pressurization

The Tank Pressurization option dialog is shown in figure 78. This option is activated from
the Unsteady Options pane on the Global Options menu (see sec. 5.2.4). The user has the option of
modeling a vertically oriented cylindrical tank or a spherical tank. The user identifies the fluid nodes
and fluid resistance branches in the model that represent the tank’s ullage and propellant. The user
1s also asked to provide the initial surface areas where the ullage is interacting with (1) the propel-
lant and (2) the tank wall. The user must also supply relevant tank characteristics (density, specific
heat, and thermal conductivity of the tank wall material; tank wall thickness; and initial tank wall
temperature). Finally, VTASC provides default values for the constants used in GFSSP’s tank pres-
surization heat transfer calculations, but the user may modify these constants through this dialog if
desired.

g Rl
Tank 2 " Cylindiical Tank ¢~ Spherical Tank Add Delete | Accept I Close |
Tank Surface : : :
Ullage Node |28 Areafin2) |5441.SE Natural Convection Correlation [Ring)
Psuedo Boundary I— Tank Density Constant for I—
Node L {Ibrm/t3) i GasWal =
Tank Cp Index for l—
Propellant Node |31 (Btu/{bm-R]) 0.2 Gaswal 0.25
Tank Thermal Constant for
Pseudo Branch l1030 Conductivity |0.03822 Gas Propelant |0.27
(Btuf(ft-sec R)) asifopelan
Ullage-Propellant ridet for
Heat Transfer ISSB? Tank Thickness [in) |0.38 GasPropellant |0.25
Area(in™2) as-Propellan
Conv. Heat Transfer 1 Initial Tank Fn'—
Adj. Factor Temp. (F)

Figure 78. Tank Pressurization option dialog.
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5.4.4 Turbopump

The Turbopump option dialog is shown in figure 79. This option is activated from the Cir-
cuit Options pane on the Global Options menu (see fig. 52(a)). The user supplies the fluid resistance
branches that will represent the pump and the turbine. The user also supplies some characteristics of
the turbine (speed, efficiency, diameter, and design point velocity ratio) as well as the name and loca-
tion of a history file containing the pump characteristics (the quantities (Head/Speed?) and (Torque/
(Density*Speed?)) as a function of (flow rate/speed).

{2 vtasc3.172

Pump Branch 23 Add

Turbine Branch |1 213 Delete

Speed [RPM) {30000 Accept

Turbine Efficiency |05
Turbine Diameter fin] ~ |3.435

Design Point
Velocity Ratio IU'4

Pump Characteristic File : |ex11pmp23.dat ’_I _e]

Figure 79. Turbopump option dialog.

5.4.5 Valve Open/Close

The Valve Open/Close option dialog is shown in figure 80. This option is activated from the
Unsteady Options pane on the Global Options menu (see sec. 5.2.4). The user provides the fluid
resistance branch that represents the valve and the name and location of a history file containing the
cross-sectional flow area of the valve as a function of time.

f] vtasc3.172

- Valve Open/Close

Branch# |67 Add

Valve Op File : lex15vlv.dat l__l _2] Delete I
Accept |

Cancel I Finished I

Figure 80. Valve Open/Close option dialog.
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5.4.6 Fluid Conduction (Not Active)

The Fluid Conduction option dialog is shown in figure 81. This option is activated from the
Circuit Options pane on the Global Options menu (see sec. 5.2.2). The user may populate the list
of internal nodes in two ways. First, left mouse clicking the Load Nodes button will automatically
populate the list with each internal node. Second, an individual internal node may be added to the
list by typing the node identifier into the New Node input box and left mouse clicking the Add
button. If the user wants to remove an internal node from the list, select that node from the list and
left mouse click the Delete button. Selecting an internal node from the list reveals the list of upstream
and downstream neighbors for that node. The user supplies the Area and Distance for each neighbor
node by selecting that node from the Neighbor Nodes list.

—Internal Nodes —Meighbor Nodes M
2 13— Area (in*2) W Delete |
Distance [in) 9R0. Accept I

[=p RS ) B S S )

New Node |— Add

Figure 81. Fluid Conduction dialog.
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5.4.7 Pressure Regulator

GFSSP offers a Pressure Regulator option to control the pressure downstream of a Restric-
tion or Compressible Orifice branch. The Pressure Regulator option dialog is shown in figure 82. This
option is activated from the Unsteady Options pane on the Global Options menu (see sec. 5.2.4).
The user is given two options: Iterative algorithm (Option 1) or Forward-looking algorithm (Option
2). With the Iterative algorithm, at each time step, the regulator area is adjusted until the desired
pressure is achieved, or the maximum number of iterations is reached. This option behaves like an
instantly responding regulator. Note that the many iterations per time step may slow running of the
model and that only one Option 1 regulator is allowed per model. With the Forward-looking algo-
rithm, the regulator area is adjusted just once per time step, based on an empirical relation developed
by reference 27. This option may run faster, but the pressure may oscillate about the setpoint for
several time steps until convergence is reached. Multiple Option 2 regulators are allowed.

Pressure Regulator

Regulator Options ‘¢ Option 1 ¢~ Option 2

Pressure Regulator
Branch [Restriction or Comp Orifice) | Add
M aximum Area (in”2) | Delete
Minimum Area (in"2) | Accept

* Required Pressure [psia) I

" Pressure History File | mﬂ

[Under Relaxation Factor |

Convergence Criteria |

M aximum |terations |

Cancel Done ﬂ

Figure 82. Pressure Regulator dialog.

The user may choose a constant required pressure, or define a pressure versus time profile in
a history file. The format of the history file is:

NLINES
TIME1l P1
TIME2 P2
Etc...

NLINES is the number of TIME and P pairs in the file. TIME is given in seconds. Pressure is given
in psia or kPa. The required pressure is then interpolated at each time step.
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5.4.8 Flow Regulator

GFSSP offers a Flow Regulator option (fig. 83) to control the flow rate through a designated
Restriction or Compressible Orifice branch. This option is activated from the Unsteady Options
pane on the Global Options menu (see sec. 5.2.4).

{5} Flow Control @

Flow Regulator

Regulator Options (¢ :Option 1: " Dption 2

Flow Regulator
Branch [Restriction or Comp Orifice) | Add
b aximum Area (in”2) | Delete
¢ FRequired Flow (lbm/sec] I Accept
¢ Flow History File | |:| e
[Under Relaxation Factor I
Convergence Criteria I

Cancel | Done |

Figure 83. Flow Regulator dialog.

* Option 1—TIterative algorithm: In each time step, the regulator area is adjusted until the desired
flow rate is achieved. This option acts like an instantly responding regulator. Note that the many
iterations per time step may slow the model, and that only one regulator per model is allowed.

* Option 2—Marching algorithm: The regulator area is adjusted just once per time step. The area
correction is based on the numerical derivative of flow rate versus area from the previous time steps.
The flow rate may oscillate around the setpoint for several time steps until convergence is reached.
Multiple regulators are allowed. Because other elements of the model may also affect the flow rate
in the branch, the numerical derivative calculation is not exact, which may lead to improper area
adjustment and an unstable model. Under-relaxation may improve the solution.

The user may choose a constant required flow rate, or one that varies with time based on a his-
tory file. The format of the history file is:

NLINES
TIMEl F1
TIME2 F2,

where NLINES is the number of history points, TIME is the time in seconds, and F is the desired
flow rate in 1b/s or kg/s.
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5.4.9 Pressure Relief Valve

GFSSP allows the user to select a Restriction, Compressible Orifice, or Valve with Cv branch
as a pressure relief valve. This normally closed branch will monitor the pressure differential between
the upstream and downstream nodes, opening when the pressure differential exceeds a user-defined
cracking pressure. The Pressure Relief Valve option dialog is shown in figure 84. This option is acti-
vated from the Unsteady Options pane on the Global Options menu (see sec. 5.2.4).

i5i Pressure Relief Valve @

Relief Valve

Ehanch[Heehtﬂon,ﬂonw-ﬂnﬁceI

or Yalve w/Cv)

Add

Cracking Pressure (psid) I Delete

Control File : I D_EI Accept ‘

Done |I

Figure 84. Pressure Relief Valve dialog.

Besides the cracking pressure (in psid or kPad), the user must supply a control file to describe
the relief valve’s operation. The format of the control file is:

NLINES
dP1 A or Cvl
dP2 A or Cv2

dPN A or CvN.

NLINES is the number of dP points in the file, and dP is the differential pressure across the valve, in
psid or kPad. If using a Restriction or Compressible Orifice, A should be the area in in*2 or m”2. If
using a Valve with Cv, Cv should be the value of Cv. The first pressure (dP1) is the reseating pressure,
and is associated with a very small area (e.g., 1.0E-16 in”2) or small Cv (e.g. 1.0E-5).The first pressure
should be less than or equal to the cracking pressure. The last point (dPN) is the pressure at which
the relief valve is fully open, and is associated with the fully open area/Cv. At pressures between the
reseating pressure and the fully open pressure, the area or Cv of the valve will be interpolated. At
pressures greater than the last point (dPN), the fully open area/Cv value is used.
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5.4.10 Grid Generation

GFSSP provides the capability to generate a two-dimensional grid using Cartesian (X,Y) or
Polar (R,Z) coordinates. After this feature is enabled on the Advanced Menu, the user selects the Grid
Node on the left side of the main window (fig. 46). Left-clicking on the canvas will place a Grid Node
on the canvas. This node is a placeholder substituting for the actual grid to be generated. Its properties
will be the parameters of the generated grid. The grid is generated by right clicking on the Grid Node
and selecting Generate Grid from the menu. This will produce the Grid Property dialog (see fig. 85),
which is used to generate a grid, review the grid properties, and regenerate a grid with new parameters.

5 Grid Properties 22X

Grid Options
¢ Cartesian  Folar @ Uniform ¢ Monuniform Seed :k-rl:l Seed ||
Node Sweep Options

(v X-direction " Y-direction
Wall on Boundary
[_ West Boundaf}' "-.'IYE‘,‘I:II:Iit"r' Hf'l ||:| ,&r'@][—; Idr}gl
[~ East Boundary Yelocity (ft/s) ||_|
[~ North Boundary Yelocity (ft/s) ||j| Anagle (deq)
||‘|

[~ South Boundary Yelocity (ft/s)

Angle [deq)

LN

Anale (deg)

(Grid Parameters

Number of Nodes in X |3 Length in X-direction (in) |1 2
Number of Nodes in'Y |3 Length in Y-direction (in) |1 2
Number of Nodes inZ |1 Length in Z-direction (in) |1

Node Parameters

Pressure (psi) 14.7 Temperature (F) |BU
Cancel | Apply

Figure 85. Grid Properties dialog.

This dialog is used to specify the parameters of the two-dimensional grid: Cartesian or Polar,
Uniform or Nonuniform (requires seeds for X and Y distribution of nodes); direction of node sweep
(increasing first in the X-direction or increasing first in the Y-direction); whether boundary is a wall;
velocity at the boundary; angle of the wall with the coordinate direction at boundary, overall length
of the cavity, and number of nodes to distribute over that length; and default Pressure and Tempera-
ture for nodes.
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When the grid generation is completed a message is displayed reminding that connectivity
must be established between the grid and system components. The grid is not initially displayed on
the canvas. It can be shown by right-clicking on the Grid Node and selecting Select Grid (fig. 86).
Node and branch properties can be reviewed, but not modified. Right-click on the canvas to hide the
grid. To establish connectivity between the generated grid and the system components, connect the
Grid Node with desired branch option (fig. 87). Right-click on that branch and select Resolve Grid
Node Connection. This will produce the dialog shown in figure 88. Click on the desired generated
node number, which will insert it into Connecting Node edit box, and click OK. The grid connecting
node will have a green border when the generated grid is displayed.
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Figure 86. Generated grid (showing connecting node).
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Figure 87. Circuit with grid node.
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[& Resolve Grid Connecti...[2 |X]

For Connecting Branch |1 11
Generated Nodes Connecting Node

2 [10

3

4

5

6

7

8

9

10

0K Cancel

Figure 88. Resolve Grid Connectivity dialog.

To review the generated grid parameters, right click on the Grid Node and select Properties,
which will display the Grid Properties dialog. The grid can then be regenerated with new parameters by
entering new parameters and clicking on Regenerate Grid. This will delete the existing grid and system
connectivity, and create a new grid, which will need to be reconnected to the system components.

5.4.11 International Standard Units

VTASC provides the user the option to use SI units to specify values for properties being
modeled. The SI values entered are converted to English units and written to the data file to be read
by GFSSP. GFSSP output will be converted into SI units for reports and plotting. For users who
use the User Subroutines, conversion (SI-English) functions are available to perform the unit
conver-sions. A listing of the functions is found in userrtn604.for in appendix E.
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5.5 GFSSP Input File

The primary interface between VTASC and GFSSP is the GFSSP input data file generated by
VTASC. While it should not be necessary for the user to directly access the GFSSP input file for most
modeling activities, knowledge of the content and format of the GFSSP input data file may be helpful
in some circumstances. This section is intended to provide the user with a helpful reference for better
understanding the GFSSP input data file.

5.5.1 Title Information

The GFSSP input data file always begins with the title and documentary information for the
model, which are shown below. The first two entries are internally defined by VTASC. The first, the
GFSSP Version, tells GFSSP what features and formatting to expect while reading the input data file.
The second entry defines where the user has installed GFSSP. The user defines the remaining four
entries in VTASC. They include the analyst’s name, the working directory path and input data file
name, output data file name, and a descriptive title for the model.

GFSSP VERSION

604

GFSSP INSTALLATION PATH
C:\Program Files (x86)\GFSSP604\
ANALYST

ALOK MAJUMDAR

INPUT DATA FILE NAME
D:\GFSSP604Intel\ExamplesTest\Ex1\Ex1l.dat
OUTPUT FILE NAME

Exl.out

TITLE

Simulation of a Flow System Consisting of a Pump, Valve and Pipe Line

5.5.2 Option Variables

The GFSSP input data file includes all of the option variable values based on the user’s choices
in VTASC. The user is referred to appendix D for a specific definition of each logical variable.

USETUP

F

DENCON GRAVITY ENERGY MIXTURE THRUST STEADY TRANSV SAVER

F T T F F T F F

HEX HCOEF REACTING INERTIA CONDX ADDPROP PRINTIT ROTATION
F F F F F F T F
BUOYANCY HRATE INVAL MSORCE MOVBND  TPA VARGEO TVM

F T F F F F F F

SHEAR PRNTIN PRNTADD OPVALVE TRANSQ CONJUG RADIAT Winplot
F T T F F F F T

PRESS INSUC VARROT CYCLIC CHKVALS WINFILE DALTON NOSTATS
F F F F F T F F
NORMAL SIMUL SECONDL NRSOLVT IBDF NOPLT PRESREG FLOWREG
F T T F 1 T 0 0

TRANS MOM USERVARS PSMG ISOLVE PLOTADD SIUNITS TECPLOT MDGEN

F F F 1 F F F F

NUM USER VARS IFR MIX PRINTD SATTABL MSORIN PRELVLV LAMINAR HSTAG

1 1 F F F F T T
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5.5.3 Node, Branch, and Fluid Information

This section of the GFSSP input data file defines the basic scope of the model, includ-
ing: (1) the total number of nodes, (2) the number of internal nodes, (3) the number of branches,
and (4) the number of fluids.

NNODES NINT NBR NF
4 2 3 1

5.5.4 Solution Control Variables

The next section of the GFSSP input data file defines the numerical parameters chosen
by the user, including the three under-relaxation parameters, the convergence criteria, and the maxi-
mum number of iterations.

RELAXK RELAXD RELAXH ccC NITER RELAXNR RELAXHC RELAXTS
1 0.5 1 0.0001 500 1 1 1

5.5.5 Time Control Variables

This section of the GFSSP input data file is applicable only for unsteady models. It defines the
time step, initial time, final time, output file print step, and the Winplot file print step.

DTAU TIMEF TIMEL NPSTEP NPWSTEP WPLSTEP WPLBUFF
1 0 200 25 1 50 1.1

5.5.6 Fluid Designation

This section of the GFSSP input data file lists the appropriate fluid definition information
based on the user’s selections in VTASC.

For a general fluid (GASP/WASP or GASPAK), the fluid designation lists the GFSSP index
number for each selected fluid.

NFLUID(I),I =1,NF
1 6 12

For a constant property fluid, the fluid designation lists the reference density and viscosity.

RHOREF EMUREF
62.4 0.00066

For an ideal gas fluid, the fluid designation lists the index number for an ideal gas and the
reference properties associated with the ideal gas fluid.

NFLUID(I), I = 1, NF

33
RREF CPREF GAMREF  EMUREF AKREF PREF TREF HREF SREF
53.34 0.24 1.3999 1.26e-05 4.133e-06 14.7 -459 0 0
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For hydrogen peroxide, the fluid designation lists the index number and the mole fraction
of water for the fluid.

NFLUID(I), I = 1, NF
34
MFRAC

0.5

Finally, for a user-defined fluid, the fluid designation lists the molecular weight of the fluid
and the property table file names supplied by the user.

FLUID 1 PROPERTY FILES
28.0

AKFL1.DAT

RHOFL1.DAT

EMUFL1.DAT

GAMFLI1.DAT

HFL1.DAT

SFL1.DAT

CPFL1.DAT

5.5.7 Node Numbering and Designation

The next section of the GFSSP input data file lists each node, designates whether that node
is a boundary node (INDEX=2) or an internal node (INDEX=1), and includes a user-supplied text
description of the node. Nodes are listed in the order that they are created in VTASC, which may not
be in numerical order.

NODE INDEX DESCRIPTION

1 2 «Node 1»
2 1 «Node 2»
3 1 “Node 3”
4 2 “Node 4”

If the user has chosen to activate buoyancy, the reference node will be defined in this section right
below the node listing.

REFERENCE NODE FOR DENSITY
2
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5.5.8 Node Variables

The next section of the GFSSP input data file lists the initial properties at each node based on
the user’s selections in VTASC.

For a steady state model, the model boundary conditions are listed along with the internal
node initial guesses. Concentrations are listed at each node in the same order the fluids are listed
(see sec. 5.5.6). If the user has chosen the Constant Property Fluid option, the temperature will not
appear in this listing.

NODE PRES(PSI) TEMP(DEGF) MASS SOURC HEAT SOURC THRST AREA CONCENTRATION

1 500 1500 0 0 0 0.1 0.9
2 500 80 0 0 0 1 0
3 338.2 1500 0 0 0 0.1 0.9
4 14.7 80 0 0 0 0 0

For an unsteady model, the internal node initial solution values are listed first in the same
order they were created. These properties include the node volume property, which does not appear in
a steady state model. After all of the internal nodes have been listed, each boundary node history file
1s listed (again, in the order they were created). Each boundary node requires a separate history file.

NODE PRES (PSI) TEMP (DEGF) MASS SOURC HEAT SOURC THRST AREA NODE-VOLUME CONCENTRATION
1 100 80 0 0 0 17280
ex8hs2.dat

5.5.9 Transient Heat/Variable Geometry Information

This section of the GFSSP input data file is applicable only for unsteady models where the
user has activated either the Transient Heat or Variable Geometry options.

If the user has elected to use the Variable Geometry option, the variable geometry file name
will appear right below the last boundary node history file name. There is no description line associ-
ated with the variable geometry listing in the input data file.

The transient heat section of the GFSSP input data file first lists the number of nodes iden-
tified by the user as having a transient heat load. Each identified node is then listed along with the
corresponding heat load file name in the order the user added their information in the Transient Heat
dialog (see sec. 5.4.1).

Transient Heat Load Information

Number of Nodes with Transient Heat Loads
1

Transient Heat Node Number

2

Corresponding Heat Load History File Name
gdot.dat
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5.5.10 Node-Branch Connections

The next section of the GFSSP input data file identifies which branches are attached to each
internal node. Each internal node (variable INODE) is listed in the same order they were created.
The variable NUMBR defines how many branches are attached to that node. The array NAMEBR
identifies which branches are attached to that node in the order they were created.

INODE NUMBR NAMEBR
2 2 12 23
3 2 23 34

5.5.11 Branch Flow Designation and Resistance Options

The next section of the GFSSP input data file describes the characteristics of each fluid branch.
This section consists of two subsections. The first subsection identifies the upstream node, down-
stream node, and branch resistance option chosen by the user. This subsection also includes any text
description of that branch supplied by the user.

BRANCH UPNODE DNNODE OPTION DESCRIPTION

12 1 2 14 “Pump 12”7
23 2 3 13 “Valve 23”7
34 3 4 1 “Pipe 34”

The second subsection lists the properties of each fluid branch as defined by the user.
The branch properties are specific to each branch resistance option. They are discussed in detail
in section 3.1.7.

BRANCH OPTION-14 PUMP CONST1 PUMP CONSTZ2 PUMP CONST3 AREA

12 30888 0 -0.0008067 201.06

BRANCH OPTION-13 DIA K1l K2 AREA

23 6 1000 0.1 28.274

BRANCH OPTION -1 LENGTH DIA EPSD ANGLE AREA
34 18000 6 0.005 95.74 28.274

5.5.12 Unsteady Information

The 12th section of the GFSSP input data file is applicable only for unsteady models.
This section defines the initial mass flow rates in each fluid branch in the order the branches
were created.

INITIAL FLOW RATES IN BRANCHES FOR UNSTEADY FLOW

1001 0.803
1002 0.803
1003 0.423
1004 0.423
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5.5.13 Inertia Information

This section of the GFSSP input data file is applicable only for models where the user has
activated the Inertia option. This section is divided into four subsections. The first subsection defines
a fluid branch’s relationship with any upstream branches. Branches are listed in the order they were
created. The variable NOUBR defines the number of upstream branches connected to a particular
branch. The array NMUBR identifies which branches are attached upstream of that branch in the
order they were created. The second subsection defines a fluid branch’s relationship with any down-
stream branches. Each branch is listed in the order they were created. The variable NODBR defines
the number of downstream branches connected to a particular branch. The array NMDBR identi-
fies which branches are attached downstream of that branch in the order they were created.

BRANCH NOUBR NMUBR

12 0

23 1 12

34 1 23
BRANCH NODBR NMDBR
12 1 23

23 1 34

The third subsection allows the user to define relative angles between branches if desired.
As discussed in section 5.2.2, the user must edit this section of the input data file manually. VTASC
supplies a template for each branch in the order they were created. The template lists each upstream
branch and corresponding angle first, then each downstream branch and corresponding angle.
VTASC defines each angle as a placeholder value of zero degrees, which the user must replace with
the appropriate angles.

BRANCH
12
UPSTRM BR. ANGLE
DNSTRM BR. ANGLE
23 0.00000
BRANCH
23
UPSTRM BR. ANGLE
12 0.00000
DNSTRM BR. ANGLE
34 0.00000
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The fourth subsection identifies the fluid branches where the user has activated Inertia. The
first number (16 in the example below) defines the number of branches where the user has activated
Inertia. The subsequent lines list each branch where the user has activated Inertia in the order they
were created.

NUMBER OF BRANCHES WITH INERTIA
16
12
23
34
45
56
67
78
89
910
1011
1112
1213
1314
1415
1516
1617

5.5.14 Fluid Conduction Information (Not Active)

This section of the GFSSP input data file is applicable only for models where the user has
activated the Fluid Conduction option. This section is divided into two subsections. The first sub-
section identifies how many fluid conduction nodes the user has selected. For each of these fluid
nodes, the number of upstream and downstream nodes connected to that node (identified here
as neighbors) is defined and each neighbor node is listed.

NUMBER OF FLUID CONDUCTION NODES

2

NODE NO. OF NEIGHBORS NEIGHBOR NODES
2 2 1 3

3 2 2 4

The second subsection defines the fluid conduction properties (area and internode dis-
tance) for the interaction between a particular node and each of its neighbors. For each node, the
property of interest between that node and each neighbor is listed in the order the neighbor nodes
are listed in the first subsection.

NODE CONDUCTION AREAS

2 0.04909 0.04909

3 0.04909 0.04909
NODE INTERNODE DISTANCES

2 960 960

3 960 960
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5.5.15 Rotation Information

This section of the GFSSP input data file is applicable only for models where the user has
activated the Rotation option. This section first defines the number of branches where the user has
activated Rotation. Then, each branch is identified along with the rotational information for that
branch (upstream and downstream node radii from center of rotation, rotational speed, and the
rotational ‘slip’ factor).

NUMBER OF ROTATING BRANCHES
9

BRANCH UPST RAD DNST RAD RPM K ROT
23 1.25 2.25 5000 0.8671
34 2.25 3.625 5000 0.8158
45 3.625 4.6875 5000 0.763
56 4.6875 5.375 5000 0.7252
67 5.375 5.5 5000 0.7076
89 5.5 5.375 5000 0.7129
910 5.375 4.6875 5000 0.7349
1011 4.6875 3.625 5000 0.7824
1112 3.625 2.65 5000 0.8376

5.5.16 Valve Open/Close Information

This section of the GFSSP input data file is applicable only for models where the user has
activated the Valve Open/Close option. This section first defines the number of fluid branches where
the user will be modeling a valve transient. Next, for each valve, the branch that will represent the
valve and the valve history file name are listed.

NUMBER OF CLOSING/OPENING VALVES IN THE CIRCUIT
1

BRANCH

67

FILE NAME

exlbvlv.dat

5.5.17 Momentum Source Information

This section of the GFSSP input data file is applicable only for models where the user has
activated the Momentum Source option. This section first defines the number of fluid branches
where the user wishes to add a momentum source. Next, each branch where the user has defined
a momentum source is listed along with the momentum source.

NUMBER OF BRANCHES WITH MOMENTUM SOURCE
1

BRANCH MOMENTUM SOURCE

12 100
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5.5.18 Heat Exchanger Information

This section of the GFSSP input data file is applicable only for models where the user has
activated the Heat Exchanger option. First, the number of heat exchangers identified by the user is
defined. Then, the characteristics of each heat exchanger are listed as defined by the user, including
the ‘hot’ and ‘cold’ branches, the type of heat exchanger (Counter Flow=1, Parallel Flow=2), the hot
and cold surface areas, UA, and the heat exchanger effectiveness. Note that the hot and cold surface
areas are not currently recommended for use in GFSSP and cannot be modified using VTASC.

NUMBER OF HEAT EXCHANGERS

1

IBRHOT IBRCLD ITYPHX ARHOT ARCOLD UA HEXEFF
23 67 1 0 0 1.1038 1.5

5.5.19 Moving Boundary Information

This section of the GFSSP input data file is applicable only for models where the user has
activated the Moving Boundary option. This section defines the number of nodes identified as
having moving boundary, and lists each identified node.

NUMBER OF NODES WITH MOVING BOUNDARY
2

NODE

1

2

5.5.20 Turbopump Information

This section of the GFSSP input data file is applicable only for models where the user has
activated the Turbopump option. First, the number of turbopumps in the model is listed. Then, the
characteristics for each turbopump (fluid branch representing the pump, fluid branch representing
the turbine, speed, turbine efficiency, turbine diameter, design point velocity ratio, and the pump
characteristics curve file name) are listed.

NUMBER OF TURBOPUMP ASSEMBLY IN THE CIRCUIT

1

IBRPMP IBRTRB SPEED (RPM) EFFTURB DIATRB PSITRD
23 1213 80000 0.5 3.435 0.4
PUMP CHARACTERISTICS CURVE DATA FILE

exllpmp23.dat
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5.5.21 Tank Pressurization Information

This section of the GFSSP input file is applicable only for models where the user has acti-
vated the Tank Pressurization option. First, the number of pressurized propellant tanks in the model
is defined. Next, the characteristics of each tank are listed including: the tank type (spherical=0,
cylindrical=1); fluid node representing the ullage; ullage-propellant interface pseudo boundary node;
fluid node representing the propellant; fluid branch representing the propellant surface; the initial
tank wall surface area exposed to the ullage; the tank wall thickness; the tank wall material density,
specific heat, and thermal conductivity; the ullage-propellant interface surface area; the heat transfer
coefficient adjustment factor; the initial tank wall temperature; the heat transfer correlation ullage-
propellant constants; and the heat transfer correlation ullage-tank wall constants.

NUMBER OF PRESSURIZATION PROPELLANT TANKS IN CIRCUIT
1

TNKTYPE NODUL NODULB NODPRP IBRPRP TNKAR TNKTH TNKRHO TNKCP
1 2 3 4 34 6431.9 0.375 170 0.2
TNKCON ARHC FCTHC TNKTM CIP FNIP CIwW FNIW

0.0362 4015 1 -264 0.27 0.25 0.54 0.25

5.5.22 Variable Rotation Information

This section of the GFSSP input file is applicable only for models where the user has activated
the Variable Rotation option. The variable rotation history file name is listed in this section.

ROTATION DATA FILE
varrot.dat

5.5.23 Pressure Regulator Information

This section of the GFSSP input file is applicable only for models where the user has
activated the Pressure Regulator option and specified regulator branches.

NUMBER OF PRESSURE REGULATOR ASSEMBLY IN THE CIRCUIT

1

PRESS REG BR HIST FILE MAX AREA PRESSURE RELAXATION CONVERGENCE MAX ITERATIONS MIN AREA
12 1 1.44 40 0.3 0.0001 50 le-16
PRESSURE REGULATOR HISTORY FILE

preg hist.dat

5.5.24 Flow Regulator Information

This section of the GFSSP input file is applicable only for models where the user has activated
the Flow Regulator option and specified regulator branches.

NUMBER OF FLOW REGULATOR ASSEMBLY IN THE CIRCUIT

1

FLOW REG BR HIST FILE AREA REGULATOR FLOW RELAXATION CONVERGENCE
12 1 0.3 0.012 1 0.001

FLOW REGULATOR HISTORY FILE

freg hist.dat
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5.5.25 Phase Separation Model Information

This section of the GFSSP input file is applicable only for models where the user has activated
the Phase Separation Model option and applicable nodes PSM checked.

NUMBER OF PHASE SEPARATION MODEL NODES
1

PHASE SEPARATION MODEL NODE LIST

4

5.5.26 Pressure Relief Valve Information

This section of the GFSSP input file is applicable only for models where the user has
activated the Pressure Relief valve option and specified valve branches.

NUMBER OF PRESSURE RELIEF ASSEMBLIES IN THE CIRCUIT
1

RELIEF VALVE BR CRACKING PRESSURE (psid)

12 12

CORRESPONDING CONTROL FILE

ControlFile.dat

5.5.27 Conjugate Heat Transfer Information

This section of the GFSSP input file is applicable only for models where the user has
activated Conjugate Heat Transfer. The section is divided into seven subsections.

The first subsection identifies how many solid and ambient nodes are present in the model as
well as how many conductors of each type (solid-solid conduction, solid-fluid, solid-ambient, and
solid-solid radiation) are present in the model.

NSOLID NAMB NSSC NSFEC NSAC NSSR
8 2 7 8 2 1

The second subsection defines the characteristics of each solid node in the order they were
created. The properties of each solid node (material, mass, and initial temperature) are listed first.
Then, the number of conductors of each type attached to the solid node is listed along with a text
description of the solid node provided by the user. Finally, for each type of conductor, every conduc-
tor attached to that solid node is listed.

NODESL MATRL SMASS TS NUMSS NUMSF NUMSA NUMSSR DESCRIPTION
2 41 1.00000 70.00000 1 1 1 1 “S Node 2”
NAMESS

23

NAMESF

122

NAMESA

12

NAMESSR

24
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The third subsection lists each ambient node in the order they were created and lists the tem-
perature at that node along with a text description of the ambient node provided by the user.

NODEAM TAMB DESCRIPTION
1 32.00000 “A Node 1”

The fourth subsection lists each solid-solid conduction conductor along with its characteris-
tics (‘upstream’ solid node, ‘downstream’ solid node, surface area, distance and a user-supplied text
description) in the order they were created.

ICONSS ICNSI ICNSJ RCSIJ DISTSIJ DESCRIPTION
23 2 3 3.1415 3.00000 “Conductor 23”

The fifth subsection lists each solid-fluid conductor along with its characteristics including
solid node; fluid node; heat transfer coefficient model (User Supplied=0, Dittus-Boelter=1, and
Miropolskii=2); surface area, user-supplied heat transfer coefficient (if Model=0); emissivity of
the solid; emissivity of the fluid; and user-supplied text description.

ICONSEF ICS ICEF MODEL ARSF HCSF EMSFS EMSFF DESCRIPTION
122 2 12 0 1.88500e+01 3.17000e-04 0.00000e+00 0.00000e+00 «Convection 122»

The sixth subsection lists each solid-ambient conductor along with it characteristics (solid
node, ambient node, surface area, heat transfer coefficient, emissivity of the solid, emissivity of the
ambient, and a user-supplied text description).

ICONSA ICSAS ICSAA ARSA HCSA EMSAS EMSAA DESCRIPTION
12 2 1 3.14159%9e+00 2.00000e-02 0.00000e+00 0.00000e+00 «Convection 12»

The seventh subsection lists each solid-solid radiation conductor along with its character-
istics (‘upstream’ solid node, ‘downstream’ solid node, ‘upstream’ surface area, ‘downstream’ sur-
face area, view factor, ‘upstream’ emissivity, ‘downstream’ emissivity, and a user-supplied text
description).

ICONSSR ICNSRI ICNSRJ ARRSI ARRSJ VESIJ EMSSI EMSSJ DESCRIPTION
24 2 3 3.14159 3.14159 1.00000 0.70000 0.70000 «Conductor 24»

5.5.28 Restart Information

This section of the GFSSP input file is applicable only for models where the user has elected
to Read From and/or Write to Restart Files. The section lists the node and branch restart file names.

RESTART NODE INFORMATION FILE
FNDEX15.DAT

RESTART BRANCH INFORMATION FILE
FBREX15.DAT
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5.5.29 Cyclic Boundary Information

This section of the GFSSP input file is applicable only for models where the user has
activated the Cyclic Boundary option. The section lists the boundary node where the Cyclic Bound-
ary option has been activated and the node that is upstream of the cyclic boundary node.

CYCLIC BNDARY NODE UPSTREAM NODE
1 22

5.6 User Executable

Advanced users may wish to take advantage of the User Subroutines to model physics not
directly available in VTASC. In order to do this, the user will need access to a FORTRAN com-
piler so that a specialized GFSSP executable may be created. If the user has the Compaq Visual
FORTRAN compiler or Intel FORTRAN compiler installed on their computer, they can create
a user executable through the Build dialog (activated from the Module menu).

Figure 89 shows the Build dialog. The user supplies the User Subroutine file name and loca-
tion (if other than the model’s working directory). The user may browse to find the appropriate User
Subroutine file and can edit the file using the buttons at the right of the User Module File text box.
VTASC will automatically identify the default GFSSP, GASPAK, and GASP Object File names and
locations based on the user’s GFSSP installation directory. If for some reason, the user wishes to use
some other object file versions, they may browse to the desired object file locations using the but-
tons at the right of each text box. When the user clicks the Build button, VTASC uses the Compaq
Visual FORTRAN or Intel compiler to create a specialized user executable. The interaction between
VTASC and the compiler is shown to the user with the display pane on the Build dialog. Any com-
pilation errors or warnings will appear on the display pane. If the user wishes to stop the build pro-
cess for any reason, clicking the Stop button will cancel the build session. If the build is successful,
a specialized GFSSP executable named after the User Subroutine is created and saved to the model’s
working directory. Also, the user executable filename is automatically saved as the GFSSP executable
filename on the User Information tab of the General Information item of the Options menu (see
sec. 5.2.1). The Close button will exit the Build dialog and return the user to the VTASC window.
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{5 User Module Build

User Module File Iust_ex1 0.for

GFSSP Object File |D:\GFSSPBIJB\AIoksMelgeCode\Release\gfssp803_09_‘l 9 11.0bj

GASPAK Object File |D:\G FSSPE03\AloksMergeCodet\Release\gaspropB03.obj

GASP Object File |D:\G FSSPE03\AlokstergeCode\Releaset\gaspB03.obj

Buid | stop |

User Build started using: 77 /debug:full falign:dcommons /real_size:B4 /integer_size:32 Araceback /static "usr_ex10.for" "D:
\GFSSPE03AloksMergeCode\ReleasetgfsspB03_09_19_11.obj" "DAGF SSPE03AlIoksMergeCode\ReleasetgaspB03.obj" "D:
\GFSSPE03AloksMergeCode\ReleaselgaspropB03.obj" /link "/NODEFAULTLIB:LIBIFCORE /NODEFAULTLIB:IFCONSOL /NODEFAULTLIB:LIBE"

Compag Visual Fortran Optimizing Compiler Version 6.6 (Update C)
Copyright 2003 Compag Computer Corp. All rights reserved.

usr_ex10.for

usr_ex10.for(583) : Info: This statement function has not been used.  [F]
F(PR,YR,TR,B,C,D,C4 BETA GAMA)=(PR*R)TR-1.-(B/VR)-

....... N

Microsoft (R) Incremental Linker Version 8.00.50727 .42
Copyright (C) Microsoft Corporation. Al rights reserved.

/subsystem:console

fentry:mainCRTStartup

fdebugtype:cy

fdebug

DADOCUME~T\omoore\LOCALS~1\TemplobjsC7E.tmp
DAGFSSPED3AloksMergeCode\ReleasetgfsspB03_09_19_11.obj
D:AGFSSPED3AIoksMergeCodet\ReleasetgaspB03. obj
DAGFSSPED3AloksMergeCodet\ReleasetgaspropB03. obj

dfor.lib

libc.lib

dfconsol.lib

dfport.lib

kernel32.lib

fout:usr_ex10.exe

fincremental:no

/NODEFAULTLIB:LIBIFCORE

/NODEFAULTLIB:IFCONSOL

/NODEFAULTLIB:LIBE

libc. lib(crtinit. obj) : warning LNK4254: section "CRT' (40000040) merged into ".data’ (CO000040) with different attributes —

Build completed. ﬂ

Figure 89. User Executable Build dialog.

5.7 GFSSP Execution

As noted in section 5.1.4, GFSSP can be executed directly from the VTASC environment
using either the Run menu or the shortcut on the file Input/Output toolbar. When the user activates
the Run GFSSP command, VTASC automatically writes the GFSSP text input file before executing
GFSSP. If the text file already exists, VTASC will ask if the user wishes to overwrite the file. VTASC
then executes GFSSP and opens the GFSSP Run Manager window. The appearance and function of
the Run Manager depends on whether the model is a steady state or transient model.
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5.7.1 Steady State Run Manager

Figure 90 shows the GFSSP Run Manager appearance for a steady state simulation. If the
user wishes to stop the GFSSP simulation for any reason, the button in the upper left corner of the
Run Manager will stop GFSSP execution. During execution, the Run Manager will display GFSSP-
generated messages in the GFSSP display pane. After execution is complete, the GFSSP messages
may be printed by clicking the Print button in the lower right corner of the Run Manager. The
GFSSP-generated text output file may also be viewed after execution is complete by clicking the Edit
Output button in the lower left corner of the Run Manager. Clicking the Close button will exit the
Run Manager and return the user to the VTASC window.

{E GFESSP Run Manager &3]3

Click here to stop simulation!

GFSSP Simulation started using : C:/Program Files/GFSSP/Examples/Ex1/Ex1.dat |

GF S S P (Version 5.0)
Generalized Fluid System Simulation Program
September, 2006
Developed by NASAMarshall Space Flight Center
Copyright (C) by Marshall Space Flight Center

A generalized computer program to calculate flow
rates, pressures, temperatures and concentrations
in a flow network.

ENTER INPUT DATA FILENAME

READING INPUT FILE
BEGINNING ANALYSIS

SOLUTION SATISFIED CONVERGENCE CRITERION OF 0.100E-03IN 5
ITERATIONS
TAU = 100000000.000000  ISTEP = 1

TIME OF ANALYSIS WAS  1.001440000000000E-002 SECS

GFSSP run completed

Edit Dutput | Pit | Close

N |

Figure 90. GFSSP Run Manager—steady state simulation.
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5.7.2 Unsteady Run Manager

Figure 91 shows the GFSSP Run Manager appearance for an unsteady simulation. The only
difference between the unsteady and steady Run Managers is that the GFSSP display pane appears
in the top half of the Run Manager and a real-time updated plot of GFSSP’s convergence behavior
as a function of time appears in the bottom half of the Run Manager. See General Information,

Output Control tab to stop receiving this convergence data.

E GFESSP Run Manager

(Q | Click here ta stop simulation!

SOLUTION SATISFIED CONVERGEMNCE CRITERION OF  0.100E-03 IN
ITERATIONS

TAU = 200.000000000000  ISTEP = 200
lteration ... 0.2000E+)3 0.8027E-04

TIME OF ANALYSIS WAS 0.360518400000000  SECS

GFSSP run completed

DifMax Vs. Time

7

§.962e-05
8.775e-05
§.568e-05
§.401e-05
3.214e-05
8.027 e-05 F———r—

DifMax

/

1
34—

Edit Output | Print

Close

Figure 91. GFSSP Run Manager—unsteady simulation.

133



Return to Menu

5.8 GFSSP Output File

The basic GFSSP output for any simulation is the text output file. As mentioned in the previ-
ous section, once a simulation is complete the Run Manager gives the user the option of viewing the
output file in a text editor. The content of the output file is dependent on the options selected by the
user during VTASC model development. This section is intended to give the user an understanding
of the format and general layout of the text output file.

5.8.1 Title and Data Files

Each GFSSP output file begins with the header shown below, which identifies the version
of GFSSP that was used for the model simulation.

KAk Ak Ak Ak hkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkkkkkkk

G F S S P (Version 603)
Generalized Fluid System Simulation Program
October 2011
Built with Compag Compiler
To be used with VTASC 6.3, Build 603.201

Developed by NASA/Marshall Space Flight Center
Copyright (C) by Marshall Space Flight Center

A generalized computer program to calculate flow
rates, pressures, temperatures, and concentrations

in a flow network.
hhkhkhkhkhkhkhkkhkhkhkhhkhkhkkhkhhkhhkhkhkkhkhhkhkhkhkhkhkhkhkhhkhkhhkhkhkhhkhhkhkhxkhkhk*x*x

Directly below the GFSSP header, the run date, the model title, analyst name, model working
directory and text input file name, and text output file name as defined by the user are supplied.

RUN DATE:10/11/2011 16:22

TITLE :Simulation of a Flow System Consisting of a Pump, Valve and Pipe Line
ANALYST : ALOK MAJUMDAR

FILEIN :C:\Program Files\GFSSP603\Examples\Ex1\Ex1.dat

FILEOUT :Ex1.out
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5.8.2 Logical Variables

This section of the GFSSP output file lists the logical variable definitions as used in the simulation.

ADDPROP
F
FLOWREG
F

INVAL

F
PRESREG
0

SAVER

F

TRANS MOM

F

BUOYANCY
F
GRAVITY
F
MIXTURE
F

PRESS

F
SECONDL
T
TRANSQ
F

CONDX
F
HCOEF
F
MOVBND
T
PRINTI
F
SHEAR
F
TRANSV
T

OPTION VARIABLES

CONJUG
F

HEX

F
MSORCE
F
PRNTADD
T
SIMULA
T

TVM

F

5.8.3 Node and Branch Information

CYCLIC
F
HRATE
T
NORMAL
F
PRNTIN
F
SIUNITS
F

TWOD

F

DALTON
F
IFRMIX
1
NRSOLVT
F
RADIATION
F
STEADY
F
USRVAR
F

DENCON
F
INERTIA
F
OPVALVE
F
REACTING
F
THRUST
F
VARGEO
T

ENERGY
T

INSUC

F
PLOTADD
F
ROTATION
F

TPA

F
VARROT
F

This section of the output file documents the size and scope of the model. It lists the total
number of nodes as well as the number of internal nodes, the number of branches, the number of flu-
ids, the number of variables (or equations) in the model (this is the sum of NBR and NINT), and
finally the enthalpy reference node, which is hard-coded in GFSSP as the second node.

NNODES
NINT =
NBR =
NF =
NVAR =
NHREF =

N O WD

5.8.4 Fluid Information

This section of the output file documents the fluids that were used in the simulation.

For a constant property fluid, the fluid information lists the reference density and viscosity.

RHOREF

EMUREF =

62.4000 LBM/FT**3
0.6600E-03 LBM/FT-SEC

For all other fluid options, the fluid information lists each fluid in the order they were entered
by the user as shown below.

FLUIDS:

02

H20
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5.8.5 Boundary Conditions

This section of the output file documents the boundary conditions of the model, which were
supplied at each boundary node by the user. For a model with multiple fluids, the pressure, tempera-
ture, density, thrust surface area of the node, and concentration of each fluid at that node are listed.
A single fluid model provides the same listing with the exception of the fluid concentrations. A con-
stant property fluid model lists only the pressure and surface area.

BOUNDARY NODES

NODE P T RHO AREA CONCENTRATIONS

(PSI) (F) (LBM/FT"3) (IN"2) 02 H20
1 0.5000E+03 0.1500E+04 0.3931E+00 0.0000E+00 0.1000E+00 0.9000E+00
2 0.5000E+03 0.8000E+02 0.2819E+01 0.0000E+00 0.1000E+01 0.0000E+00
4 0.1470E+02 0.8000E+02 0.4725E+02 0.0000E+00 0.5000E+00 0.5000E+00

5.8.6 Fluid Network Information

This section of the output file is only active if the user has selected to print network informa-
tion from the Global Options dialog (see sec. 5.2.1). For each internal node, the thrust surface area,
mass source, and heat source designated by the user are listed. For each branch, the branch flow
designation and resistance option information from the input text file (see sec. 5.5.11) are reprinted.

INPUT SPECIFICATIONS FOR INTERNAL NODES

NODE AREA MASS HEAT
(IN"2) (LBM/S) (BTU/S)
2 0.0000E+00 0.0000E+00 0.0000E+00
3 0.0000E+00 0.0000E+00 0.0000E+00
BRANCH UPNODE DNNODE OPTION
12 1 2 14
23 2 3 13
34 3 4 1
BRANCH OPTION -14 PUMP CONST1 PUMP CONSTZ2 PUMP CONST3 AREA
12 0.309E+05 0.000E+00 -0.807E-03 0.201E+03
BRANCH OPTION -13 DI K1l K2 AREA
23 0.600E+01 0.100E+04 0.100E+00 0.283E+02
BRANCH OPTION -1 LENGTH DIA EPSD ANGLE AREA
34 0.180E+05 0.600E+01 0.500E-02 0.957E+02 0.283E+02

5.8.7 Initial Field Information

This section of the output file is only active if the user has selected to Print the Initial Field
from the Global Options dialog (see sec. 5.2.1).

For each internal node of a single fluid model, the initial guesses for pressure and temperature
as well as the resulting compressibility, density, and quality from the thermodynamic property cal-
culations are listed. For a multiple fluid model, the list is the same except that the quality is replaced
with the initial guesses for the mass concentration of each fluid. For a constant property fluid model,
only the initial guess for pressure is listed.
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INITIALGUESS FOR INTERNAL NODES

NODE P(PSI) TF (F) Z (COMP)
2 0.1470E+02 0.6000E+02 0.7616E-03
3 0.1470E+02 0.6000E+02 0.7616E-03

RHO
(LBM/FT"3)

0.6237E+02

0.6237E+02

QUALITY

0.0000E+00
0.0000E+00

For each branch, the trial solution for the pressure drop across the branch and the mass flow

rate in the branch is listed.

TRIAL SOLUTION

BRANCH DELP (PSI) FLOWRATE (LBM/SEC)
12 0.0000 0.0100
23 0.0000 0.0100
34 0.0000 0.0100

5.8.8 Conjugate Heat Transfer Network Information

This section of the output file is only active for models where the user has activated Conju-
gate Heat Transfer and selected to print network information from the Global Options dialog (see
sec. 5.2.1). For each solid node and conductor, the conjugate heat transfer information from the

input text file (see sec. 5.5.25) is reprinted.

CONJUGATE HEAT TRANSFER

NSOLIDX = 8

NAMB = 2

NSSC =7

NSFC = 8

NSAC = 2

NSSR =0

NODESL  MATRL SMASS TS NUMSS NUMSEF  NUMSA
2 41 1.0000 70.0000 1 1 1
NAMESS

23

NAMESF

122

NAMESA

12

NODEAM TAMB

1 32.0000

10 212.0000

ICONSS ICNSI ICNSJ ARCSIJ DISTSIJ

23 2 3 3.1416 3.0000

34 3 4 3.1416 3.0000

ICONSE ICS ICF ARSF EMSFS EMSFF

122 2 12 18.8500 0.0000 0.0000

123 3 12 18.8500 0.0000 0.0000
ICONSA ICSAS ICSAA ARSA HCSA EMSAS
12 2 1 0.3142E+01 0.2000E-01

910 9 10 0.3142E+01 0.2000E-01

EMSAA
0.0000E+00 0.0000E+00
0.0000E+00 0.0000E+00
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5.8.9 Solution Results

This section of the output file documents the solution results of the GFSSP model. If the
model is unsteady, a solution will be output at each time step the user has chosen to print (defined by
the Print Frequency as discussed in sec. 5.2.3). The first line in the solution will list the current time
step and the time at this step.

ISTEP = 25 TAU = 0.25000E+02

Next, the unsteady model will print out the boundary conditions at each boundary node for
that time step. The format is identical to that discussed in section 5.8.5.

BOUNDARY NODES

NODE P (PSI) TF (F) Z (COMP) RHO QUALITY
(LBM/FT"3)
2 0.1470E+02 0.8000E+02 0.1000E+01 0.7355E-01 0.0000E+00

After this line, the solution will be output in the same format for a steady model or the time
step of interest in an unsteady model. For each internal node in a single fluid model, the calculated
pressure, temperature, compressibility, density, resident mass, and fluid quality are listed. The listing
1s identical for a multiple fluid model except that the quality is replaced with the calculated mass con-
centration of each fluid at that node. For a constant property fluid model, only the calculated pres-
sure and resident mass are listed. Note that for a steady model, the resident mass will always be zero.

SOLUTION
INTERNAL NODES
NODE P (PSI) TF (F) Z RHO EM (LBM) QUALITY
(LBM/FT"3)
2 0.2290E+03 0.6003E+02 0.1186E-01 0.6241E+02 0.0000E+00 0.0000E+00
3 0.2288E+03 0.6003E+02 0.1185E-01 0.6241E+02 0.0000E+00 0.0000E+00

If the user elects to print extended information in the Global Options dialog (see sec. 5.2.1),
the output file will next list the calculated enthalpy, entropy, viscosity, thermal conductivity, specific
heat, and specific heat ratio for each internal node. Note that this information will not be printed for
constant property fluid models.

NODE H ENTROPY EMU COND CP GAMA
BTU/LB BTU/LB-R LBM/FT-SEC BTU/FT-S-R BTU/LB-R

2 0.2869E+02 0.5542E-01 0.7542E-03 0.9523E-04 0.1000E+01 0.1003E+01

3 0.2869E+02 0.5542E-01 0.7542E-03 0.9523E-04 0.1000E+01 0.1003E+01

For each branch, the calculated resistance factor, pressure drop, mass flow rate, velocity,
Reynolds number, Mach number, entropy generation, and lost work are listed.

BRANCHES

BRANCH KFACTOR DELP FLOW VELOCITY REYN. MACH ENTROPY LOST
(LBF-S"2/ (PSI) RATE (FT/SEC) NO. NO. GEN. WORK
(LBM-FT) ~2) (LBM/SEC) BTU/ (R-SEC) LBF-FT/SEC

12 0.000E+00 -0.214E+03 0.191E+03 0.219E+01 0.241E+06 0.183E-02 0.000E+00 0.000E+00

23 0.764E-03 0.193E+00 0.191E+03 0.156E+02 0.644E+06 0.130E-01 0.210E-03 0.848E+02

34 0.591E+00 0.214E+03 0.191E+03 0.156E+02 0.644E+06 0.130E-01 0.162E+00 0.657E+05
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If the second law is used to solve the energy equation, the total entropy generation and work
lost will be listed directly below the branch solution information.

*%*%* TOTAL ENTROPY GENERATION = 0.163E+00 BTU/ (R-SEC) *****x*

kxxkx TOTAL WORK LOST = 0.120E+03 HP ****x*

If the user has activated conjugate heat transfer for a model, the conjugate heat transfer
results will be listed next in the output file.

For each solid node, the specific heat that was used is listed along with the calculated solid
temperature. Note that the specific heat will be zero for steady models.

SOLID NODES

NODESL CPSLD TS

BTU/LB F F
2 0.000E+00 0.423E+02
3 0.000E+00 0.569E+02

For each solid to solid conductor, the thermal conductivity that was used is listed along with
the calculated heat transfer rate.

SOLID TO SOLID CONDUCTOR

ICONSS CONDKIJ QDOTSS
BTU/S FT F BTU/S

23 0.261E-02 -0.333E-02

34 0.261E-02 -0.279E-02

For each solid to fluid conductor, the calculated heat transfer rate is listed along with the con-
vection and radiation heat transfer coefficients that were used.

SOLID TO FLUID CONDUCTOR

ICONSF QDOTSF HCSF HCSFR
BTU/S BTU/S FT**2 F

122 -0.115E-02 0.317E-03 0.000E+00

123 -0.544E-03 0.317E-03 0.000E+00

For each solid to ambient conductor, the calculated heat transfer rate is listed along with
the convection and radiation heat transfer coefficients that were used.

SOLID TO AMBIENT CONDUCTOR

ICONSA QDOTSA HCSA HCSAR

BTU/S BTU/S FT**2 F BTU/SET**2 F
12 0.448E-02 0.200E-01 0.000E+00
910 -0.136E-01 0.200E-01 0.000E+00
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For each solid to solid radiation conductor, the calculated heat transfer rate is listed along
with the effective conductivity that was used.

SOLID TO SOLID RADIATION CONDUCTOR

ICONSSR QDOTSSR EFCSSR
BTU/S BTU/S F
79 -0.113E-06 0.421E-08

If the user has requested that axial thrust be calculated in the Global Options dialog (see
sec. 5.2.2), the calculated axial thrust will be listed next in the output file.

AXIAL THRUST = -527.30169 LBF

If the user has activated the Turbopump advanced option (see sec. 5.4.4), the turbopump
output will be listed next in the output file. First, the number of turbopumps in the model is listed
(note that this value is not labeled in the output file). Then, the pump branch, turbine branch, speed,
the turbine efficiency at the design point, the turbine velocity ratio at the design point, the required
torque, and the horsepower are listed for each turbopump in the model.

1
IBRPMP IBRTRB SPEED (RPM) ETATRB PSITR TORQUE (LB-1IN) HPOWER
23 1213 0.800E+05 0.578E+00 0.269E+00 0.511E+02 0.649E+02

If the user has activated the Pressurization advanced option (see sec. 5.4.3), the pressurization
output will be listed next in the output file. First, the number of pressurization tanks in the model is
listed. Then, the ullage node, propellant node, ullage to propellant heat transfer rate, ullage to tank
wall heat transfer rate, tank wall conduction heat transfer rate, tank wall temperature, propellant
volume, and ullage volume are listed for each pressurization tank. Note that the labels for this output
do not include the units. The units are Btu/s for the heat transfer rates, degrees Rankine for the tank
wall temperature, and cubic feet for the volumes.

NUMBER OF PRESSURIZATION SYSTEMS = 1
NODUL NODPRP QULPRP QULWAL QCOND TNKTM VOLPROP VOLULG
2 4 0.6644 2.1888 0.0000 195.6238 473.0886 26.9114

5.8.10 Convergence Information

The final section of the output file contains information on the convergence of the solution. It
1s important to remember that GASP/WASP allows extrapolation outside the stated limits of its fluid
property relationships. While this allows for flexibility during the iterative process, it can occasion-
ally lead to a final solution based on extrapolated properties. For models where the user has selected
GASP/WASP, GFSSP checks the pressure and temperature at each node and prints a warning in
the output file if they are outside of GASP/WASP’s stated limits so that the user can verify that the
results are reasonable.

WARNING! CHKGASP: T out of fluid property range at node 1
WARNING! CHKGASP: T out of fluid property range at node 3
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GFSSP also prints a statement indicating whether or not the solution converged. For an unsteady
model, this statement is printed at each time step. If the solution converges, the statement lists the
convergence criteria and the number of iterations needed to reach convergence.

SOLUTION SATISFIED CONVERGENCE CRITERION 0.100E-03 IN 5 ITERATIONS

If the solution does not converge, the statement lists the convergence criteria, the number
of iterations that were performed, and the maximum difference after the last iteration.

SOLUTION DID NOT SATISFY CONVERGENCE CRITERION 0.100E-02 IN 541 ITERATIONS
DIFMAX IN SUCCESSIVE ITERATION = 0.175E-02

If the model includes the cyclic boundary option (see sec. 5.2.2), the number of adjustment
iterations and the final temperature difference are listed next in the output file.

ITERADJC = 3 DIFTEM = 1.634E-16

This section of the output file is only active if the user has selected to print the initial field
from the Global Options dialog (see sec. 5.2.1). The time and time step will be listed after the con-
vergence information. For a steady model, the time will read 100,000,000 s and the time step will be 1.

TAU = 100000000.000000 ISTEP = 1

The final section of the output file lists the CPU time to complete the model simulation.

LR S R I b e S b S 2R S b I Sb b I Sb b I Sb b I SE I S I db e S 2b e S b S b S 2b S db 4

TIME OF ANALYSIS WAS 1.001440000000000E-002 SECS

LR S R I b e S b S 2R S b I Sb b I Sb b I Sb b I SE I S I db e S 2b e S b S b S 2b S db 4
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5.9 Post-Processing Simulation Data

While the GFSSP output file provides a comprehensive summary of model simulation results,
it is not always a practical source of information to meet the user’s needs. Therefore, VTASC pro-
vides alternative methods of viewing GFSSP output for both steady and unsteady simulations.

5.9.1 Steady State Simulation Results

As mentioned in section 5.3, each GFSSP solution model element (fluid internal nodes and
branches, conjugate heat transfer solid nodes and conductors) has a Results... dialog option located
on their respective popup menus. After running a steady state simulation, if the user selects the
Results option for a particular element, a table of results at that location will be displayed.

Figure 92 shows the internal fluid node results table for a steady state simulation with multiple
fluids. For this case, the table includes the calculated pressure, temperature, compressibility, density,
resident mass, and the mass concentration of each fluid at that node. The internal fluid node table
contents will vary just like the fluid node solution results discussed in section 5.8.9 based on the
user’s selections (multiple fluid, single fluid, constant property fluid, and print extended informa-
tion). Clicking the OK button will close the Results option and return the user to VTASC.

The results tables for the fluid branches, solid nodes, and conductors are the same in appear-
ance and function as the internal fluid node table discussed above. The parameters that are listed
in each table are the same parameters discussed in section 5.8.9 for each respective element.

Figure 92. GFSSP steady state simulation results internal fluid node table.
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{§ Node 3 Results @@

Sanable Units Yalue

P PSI 0.4788E+03

T F 0.688BE+D3

z 0.9862E+00
Rho Lbm/Ft"3 0.1060E+D1
EM Lbm 0.0000E+00
Concentrations

Oxygen 0.7553E+00
‘Water 0.2447

H Btu/Lb 0.7213E+03
Entropy Btu/Lb-R 0.1527E+01
EMU Lbm/Ft-Sec 0.2079E-04
COND Btu/Ft-5-R 0.8153E-05
Cp Btu/Lb-R 0.3757E+00
Gama 0.1297E+01
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5.9.2 Unsteady Simulation Results

There are two options available in VTASC for generating plots of unsteady simulations,
depending on the user’s needs: VTASC Plot and Winplot. There is also a provision of using Tecplot
for plotting two-dimensional flow field.

5.9.2.1 VTASC Plot. The VTASC Plot is a built-in plotting capability within VTASC. As
with the steady state results tables, it is accessed by selecting the Results... dialog from the desired
model element’s popup menu. The appearance and function of VTASC Plot is the same for each
model element. The only difference will be the parameters available to plot, which are the same
parameters discussed for each element in section 5.8.9.

Figure 93 shows the Results dialog for an unsteady simulation. Initially, the plot canvas space
will be blank. The user can generate a hard copy or a bitmap of the desired plot by clicking the Print
or Print to Bitmap button, respectively. The user creates the desired plot using the Properties dialog,
which is activated by clicking the Properties... button. Once the user has finished, clicking the Close
button will end the Results dialog and return the user to VTASC.

Results for Node 2 (E[3]

Print to Bitmap | Properties ... |

Ullage Mass Concentration History

: \\ | | -
1R . S i
- : :
g : :
21 L R S
3 : :
- : :
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8 . ' !
L e dacosaoooooooo. deccoioooiioooo Bocmooooooooooos
3 T e
: _’_‘_,_’—'-"-'_F'd— - E H
0 '
T i I 1 1
o o (o] [ o o
N N o o ]

Time (Sec.)

Close |
A

Figure 93. GFSSP Results dialog for unsteady simulation.

Figure 94 shows the Properties dialog used to create a plot of unsteady results. The dialog
consists of three tabs, as well as Apply, OK, and Cancel buttons. Clicking the Apply button accepts
any changes that have been made. The OK button closes the Properties dialog and returns to the
Results dialog. The Cancel button fulfills the same function as the OK button.
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Figure 94. GFSSP VTASC plot Properties dialog: (a) Data tab, (b) Labeling tab,
and (c) Scale tab.

Data, the first tab (fig. 94(a)), allows the user to define the data they wish to plot. The user may
select parameters for plotting using the Data Selection list at the top of the tab. The user selects plot
parameters by highlighting the desired parameters in the Available Data list and clicking the =¥ button.
These parameters will then be added to the Selected Data list. If the user wishes to remove parameters
from the Selected Data list, highlight those parameters and click the ﬁ button. Note that VTASC Plot
does not have Multi-Y axis plotting capability so scale should be considered when plotting multiple
parameters on a single plot. The Data Properties list at the bottom of the tab can be used to design
the line style of each plot parameter. The user highlights the parameter whose line style they wish to
design and then selects the line type, width, and color from the available selections on the right. Once

all changes have been made to a particular parameter, click the Apply button to accept the changes.

Labeling, the second tab (fig. 94(b)), allows the user to define the Labeling parameters. Titles
may be written or modified for the X and Y axes as well as the overall plot. The user may select
whether or not they wish to include a grid or a legend on the plot by clicking the appropriate check-
box. The user may also define the number of minor tick marks they wish to see for each axis. Once
all changes have been made, click the Apply button to accept the changes.

Scale, the third tab (fig. 94(c)), allows the user to modify the scale of each axis. By default,
VTASC will auto scale a plot for the user. Deselecting the Auto Scale checkbox allows the user to define
the minimum and maximum values for each axis. The user also has the option of converting the Y axis
to a log scale. Once all changes have been made, click the Apply button to accept the changes.
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5.9.2.2 Winplot. If the user selects the Winplot plotting option from the Global Options dia-
log (see sec. 5.2.1), unsteady plot files will be generated in either comma delimited or binary formats.
If the user selects the comma delimited option, several files are generated. The naming convention,
description, and available parameters for each file are listed in table 13. Note that the conjugate heat
transfer related output files are only written if a node or conductor of that type is present in the
model. If the user selects the binary format, a single file with the name convention ‘filename. WPL’
will be generated. This file will 